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INTRODUCTION 
The acce s s  o f  drugs to various s i t e s  of act i on in the 
body is  impeded by a suc c e s s i on of membrane s .  Likewi s e . 
the removal of a drug or fore ign subs tanc e from the body i s  
simi larly dependent o n  the abi l ity o f  the sUbstance under 
considerat i on to permeate b iological barr i ers . A con­
comm i ttant problem generally a r i s e s  conc e rn ing the ove ral l 
t ime course o f  drug act i on :  t hat o f  drug storage through 
b inding or s im i lar proce s s e s . Schanker ( 1964 ) however , has 
stated that hAlthough the mechan i sm s  o f  local i zat ion and 
tho s e  of membrane transfer are in many respects d i fferent 
uroblem s , there are some instances  in which they are in­
seuarable part s o f  the same problem . "  Examples  inc lude 
phenomena whereby the binding o f  a subs tanc e to  the c e l l  
membrane i s  requ i re d  f o r  t ransport ( Ro s enberg and Wi lbrandt , 
1955; Pet ers , 1960; Lacko and Burger , 1 9 6 1; Schwart z and 
Matsui , 1967; Ste in , 1967 ) . 
From a funct i onal standpo int , body membranes may be 
class i f ied  in three major catego r i e s  ( Schanker , 1962b ) ;  
membranes several c e l l  layers thick such a s  sk in , tho se one 
c e l l  layer thick such a s  the brush bord e r  epithel ium of t he 
inte s t ine , and membranes l e ss than one cell  in thickness 
such as the  c e l l  membrane i t se l f  or  the  membran e s  of  
organe l l e s  ( e . g .  m i tochondria ) .  Thus , except for the barri e rs 
as soc iated with subce llular structure s ,  the c e l l  membrane 
(or plasma membrane as  it is often called ) may be c on sidered 
the fundamental uni t  of  body membranes  in genera l . 
-2 -
The Membrane conc ept . 
The first inference o f  a structural ent i ty defin ing 
the ext erior of the  cell  was the ment ion of a semipermeable 
interface t hat re stricted the entry o f  certain plant 
p igment s int o cells  ( Nagel1  and Cramer,  1855 ) . It was s ome 
s eventy years later that the cell membrane f inally gained 
acceptance as a structural ent i ty when Robert Chambers 
( 1926 ) demonstrated that the membrane could be manipulated 
under the microscope . 
The earlies t  ind i cat ion of the funct ional charac­
teri stics  of cell membranes was provided by the studies  of  
Overton ( 1899 , 1902 ) describing the o smot i c  behavior o f  
cells i n  solut i ons containing substances of  varied l i p i d  
s olubility. Impermeable solutes caused the extrusion o f  
water from t h e  t i s sue ( usually frog sartorius muscle ) 
measured as a loss  in we ight . Overt on found that the t i s sue 
we ight s rema ined relatively c onstant when substance s  of  h igh 
l i p id solubility were employed , and thus postulated a 
l ipo idal character of the cell membrane . It was soon noticed , 
however , that small ions and lipid- insoluble compounds ( e . g  
glycerol) penetrated cells quite read ily, and thus Collander 
and Barlund ( 19 33 )  extended Overt on ' s  descript ion to  a 
lipoid-f i lter theory , postulat ing water-f illed pore s or  
channels in  the  membrane permitt ing the  pas sage of  hydro­
phyllic  substances suffic iently small in diameter . 
It i s  intere st ing to note  that Danielli  and Davson 
( 19 35 )  proposed the fi rst t enable hypothe s i s  concern ing' the 
-3-
ultra- structural organi zati on o f  the c ell membrane prior to 
the f i rst electron m icroscope p i cture s ( Dan ielli and Davson . 
1 935: Davson and Dan ielli . 1952 ) . The y  proposed that the 
cell membrane was c omposed of a bimolecular lipid leaflet 
with adsorbed protein on both s ides . M ore recently stud ies 
with the electron m i c ro scope have supported th i s  hypothes i s . 
The outer regions of the membrane are electron dense ( stain 
with osm ium tetroxide , pota s s ium permanganate , or uranyl 
acetate ) wh ile the center  region , about 50 A wide , does not 
stain ( for  nume rous example s ,  see Robertson , 1964 ) . 
Numerous objections to the bimolecular leaflet hypoth­
e s i s  have been ra i sed , ranging from dis sati sfaction w ith the 
s implic ity of the model to completely d i f ferent structural 
models ( Sjo strand , 1963: Kotyk and Janacek , 1970 ) .  For our 
purpo ses however . a general l ipoid- s i eve descript i on will 
suitably describe the functional behavior of membranes w ith 
respect to drug transport , as long as we allow for the possi­
bil ity of some degree o f  heterogene ity to expla in such phenom­
ena as ari se in cases of spec ial i zed transport .  
The mechan i sms  b y  which drugs may cro s s  body membranes 
may be grouped into two general categor ies : non-spec i f i c  
and specific  transport proces s e s . Non-spec i f i c  transport 
may be further subdivided into two other categories : simple 
d iffus i on and bulk f i ltrat i on .  
-- 4-
S impl e  Di ffusion . 
The simplest defin i t i ons o f  s imple d i f fusion are e i ther 
( 1 ) transport which obeys Fi ck's law , or (2 ) transport 
whi ch doe s  not meet any o f  the criteria  for spec ial i zed 
t ransfe r .  More spec i f i cal ly, the  criteria for simple 
d i f fusion inc lude ( Schanke r ,  1962b ) : ( 1 )  transport rat e  
i s  directly proport ional to the concent rat i on grad ient across 
the membrane , ( 2 ) transport i s  unaffected by the pre senc e 
of other substanc es no matter how structurally sim i lar they 
may be , and (J)  transport i s  totally independent of the 
ava i labil ity of  metabo l i c  energy , exc ept insofar as required 
for maintenance of membrane integrity . 
According to current theor i e s  o f  simp l e  diffusi on, 
the  penetrat i on of membrane s by drugs may be described by 
two q uant itat ive parameters : ( 1 )  rat e  o f  penetrat i on , or 
m embrane permeabi l i ty and ( 2 ) st eady - state distribut i on 
across the membrane . 
M embrane permeab i l ity i s  mathematically described by 
Fi ck's law : 
where t i s  t ime, Cl and C2 are the drug concentrations in 
compartments 1 and 2 respect ively , separated by a m embrane of 
permeability k .  The p ermeab i l i ty ( k )  has the un i t s  o f  rec 1p-
rocal t ime and i s  actually the f irst order rate con stant for 
un id irec t i onal flux across the membrane . I f  C2 i s  measurable 
-5-
and c onstant , and i f  Cl = 0 in the init ial cond i t i on ,  then 
the movement of drug from c ompartment 2 t o  compartment 1 may 
be described by an integrated form o f  equat i on ( 1) :  
where R i s  the steady- state Cl/C2 rat i o . 
( 2 )  ( Davson and 
Matchett , 1 9 5 3 )  
Therefore , a plot  
o f  In  ( 1 - Cl/C2R )  against t ime gives a slope of -k . I f the 
rate constant i s  the same for influx as for efflux , then R 
in equat i on ( 2 )  would be one . I f  the rate constants  are not 
equal, then the rate at whi ch Cl/C2 approaches steady state 
will be governed by the rate of efflux (Cl to C2 ) ,  s ince the 
input rate i s  constant due to t he constancy of C2• Therefore, 
rate constant s measured with equat i on ( 2 ) when R i s  not equal 
to one are actually the rate constants  for efflux ( Cl t o  C2 ) .  
The evaluat ion o f  k becomes much simpler in v i t ro since 
efflux data ( compartment 1 to  c ompartment 2) can be obtained 
whi le maintaining C2 at zero . The classi cal "washout" 
techn ique has been exten sively employed in th i s  respect . ( See 
references below . )  Essent ial ly the procedure i s  as follows. 
The t issue under considerat ion ( s l i ce , strip of muscle, 
etc.) is allowed to eq u i l ibrate with a physiological solut i on 
c onta in ing the desi red substrate ( drug , i on. etc . ) .  The t i ssue 
is then placed in a solut i on which does not contain the sub-
s t rate , and allowed t o  remain a short enough t ime so that no 
s ign i f i cant back flux has begun to  occur . The t i ssue may be 
subseq uently t ransferred to a series of solut i ons ; each for 
- 6 -
the same short t ime until a substant ial fraction o f  drug has 
left the t i ssue .  Under these c ondit ions , equat ion ( 1 ) bec omes : 
The equat ion integrates to: 
In Cl = -kt + In Ci 
( 3 ) 
( 4 ) 
where Ci i s  the concentrat i on o f  substrate in the t i ssue at 
t = O. I f each IIwashoutll solut ion i s  as sayed , along with the 
amount of drUg remaining in the tis sue at the end o f  the 
experiment , then the percent of  the total drug remaining in 
the t issue can be computed as a funct i on of t ime .  I f the data 
are treated in th i s  manner ,  equat i on ( 3 ) integrates to : 
In [�� x 100%] = -kt + In 100% ( 5) 
where Ci i s  the init ial c oncentrati on o f  drug in the t i ssue . 
A plot o f  the log o f  the percent o f  the total drug remain ing 
in the t i s sue at time t versus t will g ive a straight line o f  
slope -k/2 . 3 .  
Generally , washouts o f  i solated t i s sue show mixed k inet i c s  
i n  the early stages o f  the experiment due t o  the rapid washout 
of the extracellular compartment . The earlier curved port i ons 
o f  the washout may be res olved into slow and fas t  components 
by subtracting the extrapolated percentage values from the slow 
c omponent ( linear in latter s tages ) and plott ing the logs o f  
the differences .  A straight line o f  slope -kf/2 . 3  should be 
obtained , where kf is the rate constant for efflux �rom the 
extracellular space . 
- 7 -
The  washout technique h a s  been extens ive ly employed 
by Bianchi and We i s s  in muscle and nerve ( caffe ine: Bianchi , 
1962 ; local anesthetics  I Bianch1 and Bolton , 1967 ; Strobel 
and B1anch1 , 1970 ; seroton1n : We 1 s s  and Ro secrans , 1 97 1 ;  
nicotine : We1ss ,  1968a , b ) . Two general c r1t1c 1sms may be 
made concern1ng the use of washout techn1ques by the se in­
vest igators . First , no evidence 1s given that in1t1al rat e s  
are measured . It 1s therefore 1mposs1ble to draw conclus1ons 
c oncern1ng the effect o f  var10us parameters on efflux rate 
s ince the poss 1bi11ty of backflux must be conSidered . It 
m1ght be argued that by the very nature o f  equation (5 ) , 
11nearity could be considered prima fac ia evidence that 
in1t ial rate s  are measure d .  We1ss  ( 1 968a ) , however ,  has 
interpreted the pH dependence of  C14_n1cotine efflux from 
sartorius muscle as an alterat10n of the degree of pass1ve 
backflux 1nto the t1ssue . Such a suggest10n seems qu1te 
untenable and will  be di scussed later in the DISCUSSION section 
in light of data obta 1ned in th1s study . 
The second obj ect1on to be raised c oncerns the fa1lure 
of  prev ious 1nvest1gators to use a neutral control compound 
to e l im1nate the poss ib11 ity of non- spec ific  effects of ex-
per1mental conditions on general membrane permeabi l ity .  
Example s include the effects o f  h igh drug concentrations and/ 
or pH c hanges  on local anesthet i c  efflux ( Bianch1 and Bolton , 
1967 ; Strobe l and B1anch1 , 1970 ) and effects of var10us drugs 
and/or pH changes on nicot1ne movements ( W e i s s , 1 968a , bl .  
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The second parameter  wh ich may describe the process by 
wh ich  drugs penetrate body membrane s  i s  the steady-state 
part i t i on ing of  the drug in the various wat er compartment s 
under considerRtion . The equat ion e xpre ssing the theore t ical 
s teady-state leve ls in two aque0u� compartments of different 
pH �la S f irst derived by Jacobs (1940 ) . For a weak ac id the 
equat i on i s  
Cl 1 + 10
( pHl - pKa ) 
C2 1 + 10
(pH2 - pKa ) 
(6) 
and for a weak ba se , 
Cl 1 + 10
( pKa - pHI) 
C2 1 + 10
(pKa - pH2 ) 
wh ere Cl and pHI' and C2 
and pH2 are the c oncentrat ions o f  
solut e  in the two fluids and pH value s o f  the  two fluids 
re spect ively . Note that the equat ion pre d i c t s  an asym!r.c.t;:Oic 
d i st ribut ion of  the drug between c ompartment s of  di ffering pH. 
Th ere is no inference of energy ut i l i za t i on h ere , however , 
since the equa t i on pred icts  that the un- i on i zed moiety ( that 
spe c i e s  p erm i tted t o  c ross a l i po idal interphase ) will be 
equally d i s tributed . Numerous exampl es of s i tuat ions whe re 
the " pH part i t i on hypoth e s i s "  (as i t  i s  often called) has been 
v e r i f i e d  experimentally have been reporte d  ( Thaysen and Schwartz 
1 953 ;  Shore et  �., 1955 ; M i lne et a1 . ,  1958 ; Ra smussen, 1958 ; 
RaIl et a1 . ,  1959 ) . 
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Uneq ual distribution of a drug acro s s  a membrane may 
also  occur due to difference s  in electrical  pot ential acro s s  
t h e  membrane i f  the membrane i s  permeable to  the ionized form 
of the drug . The predicted ratio is ( Anderson and Uss ing , 
1960 ; St ein , 1967 ) 
C [ZF ( 't'
RT
2 - '1\ )j ...: = exp 
C2 
( 8 )  
where Cl and C2 are the concentrations of ion in compartments 
one and two respectively , the quantity ('f 2 - '1'1 ) is the 
potential of compartment two minus the potent ial of compartment 
one, Z is the charge of the ion ( retain ing the appropriate 
si�n ) , T is the absolute temperature in oK ,  F is the faraday, 
and R is the universal gas constant. Equation ( 8 )  predi c t s  
that cationic substances would tend to accumulate i n  t h e  more 
electronegative compartment ( i.e . , the cell  interior )  wh ile  
anions would accumulate on  the  electropositive s ide of  the  
membrane . 
The final proc e s s  from which an apparent unequal dis-
t ribution of a drug across  a membrane might re sult includes 
binding and/or partit ioning phenomena . Although binding of 
drugs to cellular cons t ituent s as suredly doe s occur , for 
technical reasons most stud i e s  have been res t ricted to plasma 
proteins ( see reviews Goldstein , 1949; Klot z , 1957 ) .  Parti -
tioning o f  drugs i n  fat compartment s occurs w i t h  drugs  of  high 
l ipid  solubility . As expected , weak acids and bas e s  will  
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partition in proportion to the un-ionized concentration a s  
determined by the p H  o f  the sys tem and pKa o f  the drug ( review : 
Brodie and Hogben . 1 957 ) . The  two phenomena ( binding and par­
titioning ) are distinguishable in that the former should be 
saturable , whereas the latter is not . Failure to demonstrate 
saturability of a potential binding site does not , howeve r .  
negate the possibility that such site s  exist since the conc en­
t ration of binding sit e s  and/or the dis sociation constant for 
the site might be q uite high . The site would thus fail to  
saturate within the limits of  pharmacological concentrations . 
Bulk Filtration . 
The process  of bulk filtration may occur when bulk flow 
of water  occurs acros s a membrane sufficiently porous t o  
permit solutes t o  b e  " carried along It through the membrane . 
Mathematical ly , the situation can become q uite complex , since 
entropy production is not close to zero , and the principles  
o f  reversible thermodynamic s are  no  longer applicable ( for 
details of  such t reatments see St ein , 19 67 ;  Schult z ,  19 6 9 ) . 
Examples of body membranes where drugs have been found t o  move 
by bulk filtration include the blood capillarie s ( Pappenheimer,  
1 953 ; Henkin and Pappenheimer .  19 5 7 ) , blood-CSF barrier 
(arachnoid villi ) ( Davson , 1956. 19 60 ) , genal glomerulus 
( Orloff and Berliner.  1961 ) , and hepatic parenchymal cells  
( Cahill � al . ,  1 958 ; Schanker  and Hogben , 1961 ) . 
Spe cific Transport Systems : Endocytosis . 
Specific transport mechanisms include carrie r transport 
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sys t ems  and endocytosis . Endocytosis is a poorly unders tood 
proc e s s  whereby cells  take up small droplets of liquid and 
solute s  ( pinocytosis ) or smal l  partic les  ( phagocytosis ) by 
vesiculation (Lewis , 1931, 1937 ) .  The process  is believed t o 
be t riggered by the adsorption of sUbstance s t o  specific 
receptors on the cell  membrane . Some of the tissue s known to  
accumulate material s by endocytosis inc lude blood capillary 
wal l s , leukocytes , macrophages , inte s tine , and kidney tubule s  
( for a recent review ,  s e e  Kotyk and Janac ek , 1970 ) . 
Specific Transport Systems : Carrier Mediated Transport . 
Carrier transport mechanisms have been extensively re-
viewed by Wilbrandt and Rosenberg ( 19 61 ) and more recent ly by 
Stein ( 1967 ) and Kotyk and Janacek ( 1970 ) .  Common to  all  such 
sys t ems is the concept of a mobile carrier shutt ling between 
opposite sides of the membrane ( Osterhout , 1 935 ; Widdas , 19 53 ;  
Rosenberg and Wilbrandt , 1955 ;  reviews : St ein ,  1967, Kotyk 
and Janacek , 1970 ) . St ein ( 1967 ) has listed several IIstrong " 
criteria for the establishment of one type  of carrier-mediated 
sys t em generally de signated as facilitated diffusion . ( a )  
Such systems are e s sentially passive in nature , compounds are 
t ransported on existing e lectrochemical gradients only , and 
no expenditure of metabolic energy is req uired except for 
maintanance of the structural integrity of the membrane . ( b )  
The rate  o f  penetration obeys Micha e l i s -Menten k inetic s , e . g .  
J ( S) Vmax Km + (S )  
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where J is the unidirec t i onal flux of compound S , Vmax i s  the 
maximum value of J, i . e .  when all carriers are loaded , and Km 
is t he concentrat ion of S at � Vmax . Likewise , J may be de­
creased in the presence o f  structurally analogous compounds .  
( c ) It may be poss ible to couple the  transport of one sub­
strat e ,  flowing down it s electrochemical gradient to the flow 
of  another,  so  as  to  transport the latter against an electro­
chemical gradient , a phenomenon termed " count er-transport " 
( Wilbrandt and Rosenberg , 1961 ) . ( d ) If the mobility o f  the 
loaded carrier i s  greater than that o f  the unloaded carrier , 
a phenomenon may appear termed " exchange diffus ion"  whereby 
the unidirectional efflux rate of a substance from cells  is 
increased by the presence of the substance in the extracellular 
solution ( Lacko and Burger ,  1961 ) . 
Active transport mec hanisms involve carrier mediated 
systems that meet all o f  the criteria mentioned above for 
facilitated diffusion except for ( a ) . Rather ,  act ive t ransport 
systems are required by definition t o  accumUlate a particular 
compound on one side of a membrane , thus establish ing s table 
electrochemical gradients . Such a system is dependent on a 
continuous supply of metabolic energy , and is thus s ens i tive 
to respiratory pOisons and uncouplers, both inhibiting 
transport non-compet i t ively . 
Energy may be directly utilized by the transport system 
in wh ich case the transport system i s  considered a primary one 
( i . e .  Na+ - K+ exchange in the red cell ) . Alternatively , 
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fac il itated diffus ion may be coupled to existing electro­
chemical gradient s (usually Na+ , i . e .  glucose transport in 
the intestine ) in which case the system is cons idered secondary 
act ive transport or "gradient coupled" transport . 
Numerous examples  of substances transported both by 
fac i l itated diffusion and primary and secondary active transport 
are tabulated in the monograph by Stein ( 1967 ) . In add i t ion, 
t i s sues known ( or suggested ) to actively transport drugs include 
the kidney ( Gutman � al . ,  1955; We iner e t  al . ,  1959 ,  1960; 
Peters , 1960; Torretti et al . ,  1960; Soloman and Schanker , 1962 ) , 
l iver ( Sperber,  1959; Schanker, 1962a; Stowe and Plaa , 1968),  
blood-CSF barrier ( Pappenhe imer � al . ,  1961; Hall and Sheldon , 
1962; Hall and Zubrod , 1962; Rollins  and Reed , 1970 ) , and 
intestine ( Schanker and Jeffrey , 1961; Levine and Pelikan , 1964 ) .  
Before discuss ing previous work concerning drug transport 
in salivary glands , it is pertinent to briefly discuss s ome of  
the anatomical and phys iological characteristics of the glands . 
Sal ivary Glands : Anatomical Cons iderations . 
The following description of the anatomical and structural 
features of the sal ivary glands is abstracted from a recent 
review by Leeson ( 1967 ) . 
In most mammals there are three main pairs of salivary 
glands : submaxillary , parotid , and sublingual . All  three are 
composed of glandular tissue ( parenchyma ) and areolar connective 
t i s sue ( stroma ) . The parotid glands are generally superfic ially 
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placed and di ffus e ,  wh ile the submaxillary glands are we l l  
defined and compact .  There i s  cons iderable variat ion in the 
form of sublingual glands in different spec ies. 
The secretory end-pieces  or ac ini of the glands are c om­
posed of cells of  two types , serous and mucous . Mucous c e l l s  
conta in large amounts of a c i d i c  carbohydrate and secrete  a 
viscous solut ion rich in mucopolysaccharide. Serous c e l ls may 
conta in varying amount s of neutral polysaccharide s but do not 
stain for ac idic carbohydrates. The ir secre t i ons are typically 
wa tery and less v i scous than those of mucous cells. Ac in i are 
class ified as e ither s e rous , mucous , or seromucous , the latter 
contain ing both serous and mucous elements . The primary source 
of amylase activ ity is serous , and t hese  cells  stain for h igh 
concentrations of basophyllic  material . 
The ac in i  empty into small , inc onspicuous intercalated 
ducts , wh ich converge to form the striated intralobular duc ts. 
Intralobular duct s  converge into extralobular or excretory 
duc ts  which are typ ically two-layered epithel ia. 
In general , parotid glands are predominat e ly serous , 
sublingual glands mucous , and submaxillary mixed. In rodents , 
however , the submaxillary glands appear to be predominat e ly 
serous , although there i s  some controversy concerning t h i s  
po int . 
Salivary Glands : Nervous Control of Se cret ion . 
Most  of the following information on the innervat ion of  
sal ivary glands was taken from recent reviews by Emmelin (1967a , b ) . 
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Most sal ivary glands are doubly innervated; that i s  they 
rec e i ve both sympath e t i c  and parasympathe t i c  f ibers . Para­
sympathetic  st imula t i on init iates only true secretory responses 
in most glands, although some v8sodil :atat i on may occur in some . 
In most glands ,  at least some of the parasympathetic  gangl ia 
lie so close to the effector cells as to be inse parable by 
di s sect ion .  Th is  i s  espec ially true of the submaxillary gland . 
Parasympathet i c  st imula t i on results in profuse watery sec re t i on 
wh ich can be ma inta ined for several hours . 
Sympathe t i c  st imula t i on of the glands, on the other hand , 
oroduc e s  a limited amount o f  a visc ous secret i on that dimin i shes 
qui te rap idly . It  is  c urrent ly be l i eved ( Emme l in. 1967a ) that 
d irec t  st imulation o f  secretion i s  less important in the sympa­
the t i c  response than vasoconstrictor ac t i vity and the motor 
response of myoe�thel ial basket cells.  Curiously, the epine ph­
rine content of the glands is higher than mo s t  t issues ( except 
adrenal medulla ) amounting to about 10% o f  the catecholamine 
content . A further paradox may be demonstrat ed . Whereas 
eoineohrine i s  more potent than norepinephrine in e l i c i t ing 
secre t i on ,  the sympathetic response adheres to  all o f  the 
c rit e ria as a predominantly � -adrenergic t i s sue ( the re sponse 
i s  blocked by d ihydro ergotamine , and i soproterenol is a re la­
t i vely ine ffe c t i ve secretagogue ) .  Addi t i onal information c on­
c e rn ing neurological and pharmac ological aspects of the glands 
can be found in the revi ews by Emmel in ( 1967a , b ) . 
-16-
Compos i t ion o f  Sal iva . 
The sal iva secreted in most instances is a di lute aq ueous 
flu id with a dens ity of about 1. 0 0  ( Kerr , 1961 ) . Sal iva is 
typ i cally hypotonic with respec t to blood. but osmo lal ity may 
aoproach that of plasma at high rates of flow (Brusi low and 
C o oke , 1959 ) . More spec i f ically, st imula t i on of the glands, 
w i t h  c oncommittant inc reases in flow rate el i c i t  a number o f  
changes i n  sal ivary c ompos i t i on .  Several invest igators agree 
that the pH of "rest ing" saliva is sl ightly ac idic ( 6.0-7 . 01  
(Schmidt-Ne i lsen , 1946; Rauch , 1956 ; Chauncey et  al. , 1958 ) . 
The pH of sal iva typ ically rises as much as 2 . 0  uni ts in pro­
port i on to flow ( Schm idt-Neilsen , 1946 ) ;  in rodents, the oH 
may be as high as 9 . 0  (Schneyer and Volker , 1955 ) . Burgen and 
Emmel in ( 1961 ) , however , have emphasi zed the rap idity with  
whi c h  the sal ivary pH  increases with t ime (once excreted) due 
to the loss of CO2 (the CO2 content of sal iva is general ly 
somewhat greater than that of arterial blood . Sand, 1949 ) . 
It has been known for some t ime that the potassium c ontent 
of sal iva is tYpically h igh with respec t to plasma ( T iedemann 
and Gmelin ,  1826 ) . Early invest igators found that t he potassium 
c oncentrat ion was independent o f  flow rate , except at t he lowest 
rates of flow (Langstroth et al . ,  1938; Thaysen et al . ,  1954; 
Hi ldes ,  1955 ) . Burgen ( 1956b ) , however, challenged this 
f i nd ing ,  and showed that the flow dependence o f  sal ivary 
potassium was U-shaped , rising at low and high rates of flow . 
Furthermore, he demonstrated that the earl i est sal iva samples 
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were extreme ly high in potassium, approximat ely twenty t imes 
the plasma concentrat i o n, 
Sal i va i s  typ i cally low in sod ium as compared to plasma, 
the c oncentration be ing extreme ly sensi t ive to flow rat e  
( Langstroth et aI" 19 3 8 ;  Thaysen e t  aI" 1954; Hi ldes, 1955 ; 
Brusi low and Cooke, 19 59 ) ,  The concentra t i on may rise from 
1- 5 mEq/L at low rates of flow t o  as h igh as 100 mEq/L 
( Burgen and Emmel in, 196 1) , Chloride also rises wi th flow 
rate  (Burgen and Seeman, 1957 ; Thaysen � aI" 1954 ) , but it 
i s  bicarbonate , wh ich also rise s with flow (Thaysen e t  aI . ,  
1954; Burgen and Emme l in ,  196 1) , that seems to parallel  the 
sod ium concentrat ion ; thus, the alkal in i zat ion of st imulated 
sal i va .  
Mechani sms o f  Sal ivary Secre t i on .  
Wi th respect t o  mechan isms o f  secre t i on, the problem 
has essent ially been a two-fold one ; ( 1) the mechan i sm of  
pri mary secre t i on by the acin i ,  and ( 2 )  the me chanisms whe reby 
the duct ce lls modify the sal i vary composit ion . A great deal 
of  i nformation re levant t o  the latter problem has bee n  ob­
t a i ned through micropuncture inve st igat ions ( Mangos et al . , 
196 6 ;  Mart inez et al., 1966 ;  Young and Schogel, 1 966 ) . The 
following conclusions have been drawn ( Young et al . ,  1967): 
( 1) The primary secre t ion i s  e ssent ially plasma-like with 
respe ct to osmolarity and conc entra t i ons o f  ma j o r  electro­
lytes . Only the rat e  of fluid product ion, not osmolarity, 
i s  subj ect to variat ion by st imul i ,  and the se cretory process 
involves ac t i ve electrolyte transport . The sit e of the 
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primary se cret i on is asso c i ated wit h  the ac inar- intercalated 
duc t region and i s  thought to  be the only site whe re net 
se cret i on oc curs . ( 2) The primary fluid passes into the 
ductal tree where net sodium reabsorp t i on and potassium 
s e c re t ion occur . Sod i um reabsorpt i on i s  more rap id, and 
potassium se ldom achi eves st eady- state levels except at very 
low flow rates;  thus the produc t i on o f  a hypotonic  fluid . 
The cat ion exchange i s  carried out by means o f  a Na+-K+ 
ATPase activity (Schwartz and Matsui,  1967)  that is oubain­
sensit ive ( Schneyer and Schneyer, 196 5b ) . ( 3 ) In more 
d i stal regions o f  the duct,  some degree o f  re -equil ibra t i on 
is allowed to occur, although t he contac t t ime requi red i s  
qui t e  long so that signi f icant fluxes occur only a t  t he l owest 
rates of flow .  ( 4 ) Finally, in the ma in e xcretory duc t  ( of 
the rat at least ) further potassium secret ion and sod i um 
reabsorpt i on takes plac e .  
The mechanism by whic h the primary secretion takes place 
has been elusive . When the gland is st imulated via e i ther 
parasympathet i c  or  sympathe t i c  nerves, the basal membrane of 
the acinar cell  hyperpolari zes from about -30 mV to about 
-50 mY. Furthermore, the potential change is  not sensit ive 
to c hanges in the resting potent ial over the range o f  -8 to 
- 120 mV ( Burgen, 1967) . The latte r  f inding rul es out the 
involvement o f  increased permeab i l i t y  to passive ion flux 
and suggests that the mec han i sm involves st imulation o f  an 
ac tive transport system.  Lundberg ( 1957) has shown that 
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both  hype rpolari zat ion and secret ion are greatly reduc ed 
when n itrate , iodide,  or  t h iocyanate replace chloride, and 
has postulated a chloride pump act i vity in the ac inar c e l l  
located a t  t h e  ba sal membrane . Acc ord ing to Burgen ( 1957 ) , 
the funct ion of the basal an ion pump might be to ma inta i n  a 
high cell chloride conc entrat ion so that sodium transport at 
the  apical membrane may be i soe lectri c ,  leading to the 
extrusion o f  water into the  ac inar lumen . 
Of c ourse the sequenc e  o f  eve nt s  depicted above i s  
h i ghly speculat i ve ,  and h a s  been que s t i oned by Yosh imura 
( 1967 ) in favor of a potassium mediated syst em . Furthermore , 
cal c i um i s  almost assuredly involved in exc i tat i on-secre t i on 
coupl ing t o  some extent ( Douglas and POisner , 1963 ) .  Perhaps 
with improved techn i ques , succ e ssful m i cropuncture o f  ac i nar 
fluid  will  provide necessary informat ion for the  establ i sh­
ment of more conc re te hypotheses.  
Excre t i on o f  Drugs by Sal ivary G lands . 
The presence o f  drugs in sal i va i s  we ll  documente d . 
Many o f  t he agents reported t o  be pre sent are referenc ed in 
table  1 .  ( For add i t ional examples see  reviews by Afonsky, 
1 9 6 1. and Sekine and Kakudo , 1962 ) . In addit ion , there are 
numerous reports of the abi l i ty o f  sal i vary gland t i ssue to 
accumulate drugs and some representat ive examples are given 
in table  2 .  
Invest igat i ons into the mechanism ( s ) by whic h  the 
salivary apparatus excretes drugs have been sparse and 
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TABLE 1 
Some drugs known to be excreted in saliva 
Drug Species 
Acetylsalicylic Acid Man 
£-Am inohippurate Man 
Antipyrine Man 
Aureomyc in Man 
Barbi turates Dog 
Reference 
Sano ( 1959b )  
Killmann and Thaysen ( 19 5 5 ) 
Sakaguch i  ( 1959 ) 
Kraus et al . ( 1951 ) 
Bender et al . ( 1953c ) 
Borzelleca and Doyle ( 1966 ) 
Barbiturates Cow , Goat Ra smus sen ( 1964 ) 
Barbiturates 
Caffe ine 
Chloral Hydrate 
Chloramphenicol 
Chloramphenicol 
Diphenylhydantoin 
Diphenylhydanto in 
Erythromycin 
Erythromycin 
Mann itol 
Pen i c i l lin 
Pen icillin 
Quinine 
Sal i cylamide 
Sal icylate 
Horse 
Man 
Horse 
Man 
Dog 
Man 
Rat 
Man 
Dog 
Dog 
Man 
Dog 
Man 
Man 
Man 
Alexander and Nichol s on ( 1968 )  
Koch (1944) 
Alexander et al . (1967) 
Bender et al. (1953b) 
Yosh idal1958 )  
Burgen ( 1 956a ) 
Babcock and Nelson ( 1964 ) 
Noach et al . ( 1958 ) 
Doi ( 19 60b ) 
Gro s s  and Uotinen ( 197 1 )  
Burgen ( 19 56a ) 
Bender et al . (19 53a) 
Borzelleca and Cherrick ( 19 65 )  
Gross  and Uotinen ( 1971) 
Koch ( 1944 ) 
Sano ( 1959a ) 
Koch ( 1944 ) 
Leul ier (1946 ) 
Ash ida ( 1959) 
SaUcylate 
S t reptomycin 
Sul fonamides 
Sulfonamides 
Sul fonamides 
Sulfones 
Terramyc in 
Tetracyc l ines 
Tet racyc l ines 
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TABLE 1 ( cont . )  
Dog 
Man 
Man 
Borzelleca and Doyle ( 1966 ) 
Borzelleca and Putney ( 1970a , b ) 
Bender � a l . ( 1953a ) 
Koch ( 1944 ) 
K i llmann and Thaysen ( 1 955) 
Kakudo ( 1957 ) 
M i hara ( 19 58 )  
At s umi  ( 1959 ) 
Dog Borzelleca and Doyle ( 1966 ) 
Cow , Goat Rasmussen ( 1964 ) 
r�an Kami ryo ( 1959 ) 
Man 
Man 
Dog 
Kraus et al . ( 1951 ) 
Do i ( 1960a ) 
Borzelleca and Cherri ck ( 196S ) 
Gro s s  and Uot inen ( 1971 ) 
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TABLE 2 
S ome drugs known to be accumulated in salivary glands 
a 
Ba 31531 , ST-155 
Chlorpromazine 
Diphenylhydantoin 
Guanethidine 
Lidocaine 
Mepivacaine 
Metaraminol 
Nicotine 
Nicotine 
Penicillin 
Tetracycline 
a 
Species 
Rat 
Mouse 
Rat 
Reference 
Cho and Curry ( 1969 ) 
Cho � al . ( 1969 ) 
Sjo strand et al . ( 1965 ) 
Noach et al . ( 1958 ) 
Rat Furst ( 1968 ) 
Rat Kat z � al . ( 1968 ) 
Mouse Kristerson � al . ( 1965 ) 
Rat Almgren and Waldeck ( 1967 ) 
Rabbit Tsujimoto et al . ( 1955 ) 
Rat Hansson and Schmiterlow ( 1962 ) 
Yamamoto et al . ( 1968 ) 
Mouse Ullberg ( 1954 ) 
Rat Engle ( 1969 ) 
Basic vasodilator drugs. See references for chemical  
s tructure and name . 
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generally only qualitative . There is general agreement 
that molecular size , lipid solubility , and degree of ioni­
zation are important in determining the permeability of t he 
glands to organic compounds (Schanker , 1962b ) . Amberson 
and Hober (1932 ) ,  using the perfused cat submaxillary gland , 
found that small polar molecules (acetamide , propionamide , 
urea , dihydroxyacetone ) entered the saliva at a much greater 
rate than did larger hexoses and disaccharides . Also , the 
role of lipid solubility became evident when butyramide and 
dimethylurea were seen to enter the saliva much more readily 
than did malonamide . All three compounds are of about the 
same molecular size , whereas the first two have a much higher 
lipid solubility than the third . 
Perhaps the most comprehensive study from a mechanistic 
standpoint was that presented by Burgen ( 1956a)  on the perme­
ability of the canine parotid to a series of non-electrolytes . 
Co�stant blood levels of the compounds were maintained by 
c ontinuous intravenous infusion and auriculotemporal saliva 
was c ol lected from the cannulated parotid duct . Compounds 
with low lipid solubility ( urea , glycol , c reatinine , mannitol ) 
were found to enter the saliva at rates roughly parallel to 
the i r  molecular weight ( i . e .  the smaller the molecule , the 
more rapidly it entered the saliva ) .  However , compounds with 
high oil to water partition c oefficient s entered the saliva 
rapidly , despite relatively high molecular weight s ( i . e. 
chloramphenicol. M . W .  = 32 5 ) . None o f  the compounds achieved 
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sa1 1vary/plasma c oncentrat 1on rat 1 0 s  ( S/P ) o f  1 . 0 except at 
very l ow rates of  flow . Of part 1cular 1nterest was the 
f 1nd1ng that all of  the c ompounds ach 1eved t 1s sue to  plasma 
c oncentrat 1 on rat 10s  of about one , even mann 1tol to wh 1ch 
most  cells  ( except 1 1ver ) have been found t o  be almost 1m­
permeable . Burgen ( 1956a ) found that the SIP rat 10 for mann1tol  
was  only about 0 . 02 - 0 . 04 , the l owest o f  t he compounds s tud1ed . 
Further support for t he c oncept o f  a h 1ghly porous basal 
membrane w111 be presented later . 
Substant 1al ev1dence for the select 1v1ty of the ep 1 -
t he1 1um for the un- 1on1 zed spec 1es o f  drug was prov1ded by 
the 1nvest 1gat 1 on of K 1 11mann and Thaysen ( 19 55 ) . A ser1es 
of  ac 1d1c compounds was adm 1n 1 stered e1ther orally or by 
1ntravenous 1nfus 1on , and the c oncentra t 1 on s  1n the paro t 1d 
sa1 1va as well  a s  1n the plasma were determ1ned at var 1 0us 
t 1me 1ntervals . The almos t  completely 1 on 1 zed compound , 
p-am1noh 1ppur1c a c 1d ,  appeared 1n low concentrat 1on . The 
sa1 1vary to  plasma c oncentrat1on rat 10 was only about 0 . 15 ,  
whereas a ser1es o f  sulfonam1des had SIP rat 10s rang 1ng from 
0 . 31 to  0 . 94 wh 1ch roughly para lleled the pKa values of the 
c ompounds ( 1 . e .  the greater the degree of 1on 1 zat ion at phy s io­
log 1cal pH , t he smaller t he SIP rat 1 o ) .  
Further support o f  the 1 1po1dal-solvat 1on c oncept of 
drug permeat 10n t o  sa1 1vary t 1 s sue 1 s  apparent from stud1es 
of  sulfonam1de secret 10n 1n the sa11va o f  ruminant s  
( Ra smus sen , 1964 ) . A s  expected , these weakly acid1c  c ompounds 
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were found to reach SIP rat i o s  of  1 . 0  or greater in the 
h ighly alkal ine sal iva of cows and goat s . 
In a recent report , Borzel leca and Putney ( 1970a ) have 
demonstrated that the descript ion of drug movement into t he 
sal iva may not be so s imply dep icted . In Y11Q experiment s  
i n  the dog gave evidence that the d i ffus i on o f  sal i cy l i c  acid  
acro s s  the basal membrane o f  the paro t id ep ithel ium was not  
a pH dependent proces s .  Instead , it  appeared as though a 
proces s s im i lar to filtrat ion moved the drug rapidly into 
the cell s , and then s imple pH dependent d iffus ion moved the 
drug into the lumen o f  the duct . It was also noted that 
hydration o f  the animal c ould grea t ly accelerate the entry 
of the acid  into the sal ivary fluid . 
Furthermore , the pos s ibil ity o f  an act ive transport 
mechan i sm has been ra i sed , for one c ompound at least . 
Borzelleca and Cherri ck ( 1965 ) observed that the pen i c i l l in 
level s  of saliva were s ign i f icantly reduced by pretreatment 
w ith the uricos uric  agent probenecid even though blood levels 
were increased by inhibition of  renal tubular secreti on 
( Gutman � al . ,  1 955 ) . Also . poisoning of  the duct sys tem 
by retrograde inject i on of HgC12 markedly reduced the sal ivary 
pen i c i l l in c oncentrat i on . 
Stud ies on the mechan i sms by wh ich  the sal ivary glands 
accumulate drugs have been l imited to bas ic drugs s ince these 
drugs are almos t  un iversally accumulated to a substant ial 
e xtent ( Cho et  al  • •  1 96 9 ;  table 2 ) . 
-26-
With respect to n i c o t ine , Yamamoto  et al . ( 1968 )  ob­
tained a miximum t i s sue to  blood concentrat ion rat i o  ( T/B ) 
o f  6 . 2 in the rat submaxillary gland 10 to 20 minutes after 
the admini strat i on of  5 mglkg C14_nicot ine i . p .  Assuming 
intracellular and extracellular pH values of  7 . 17 ( Cho et al . ,  
196 9 )  and 7 , 40 respec t ively , and pKa of  7 . 7 5  for nicot ine 
( Barlow and Hamilton , 1 962 )  the T/B rat i o  should be only 
about 1 . 2 .  Pres s or act ivity o f  n icot ine was ruled out a s  a 
poss ible cause , s ince pretreatment with hexobarbital or 
hexamethonium had no effect on the T/B rat i o .  Following 30 
minutes incubat ion of submaxillary gland s l i ces with 
10-
4
M C14_n icot ine ,  the s l i ce to medium concent rat ion rat i o  
( 81M ) was 2 . 1 ,  markedly lower than the i n  Y1YQ f igure , but 
s t i l l  substant ially h igher than that predi cted by eq uat ion 
(7) . Yamamoto also studied the uptake by bra in ,  l iver , and 
k i dney cortex . These t i s sues also accumulated C14_nicot ine 
to 81M rat i o s  of 2 or greater . Incubat i on at O OC reduced 
t he 81M rat ios for all t i s sues s ign i f i cantly . Incubat ion at 
5 S oC for 10 minutes , or the addit ion of  metabol i c  inh ibitors 
( sodium az ide ,  iodoacet ic  acid,  sod ium fluoride , or DNP ) 
inhib i t e d  penetra t i on in s l i c e s  of k i dney c ort ex only . 
Variation of the medium pH gave a typ i cal s igmo idal curve 
for the pH dependence of 81M rat ios . The inflect ion po int 
wa s s h i f t ed sl ight ly t o  the right o f  6.16 ( pKB ) and all 
va lue s were cons i s t ently h i gher than tho s e  predi c t e d . 
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Yamamoto conc luded that � t he oenet rat ion o f  n icot ine-14C 
( into these t i s sues ) would not aopear t o  be by an act ive 
transoort meet ing t he usual c r i teria , but by pa s s ive 
di ffus ion . � 
Cho et a1 . ( 1969 ) us in.� ST-l.55 and Ba 31531 ( bas i c  
va s odi lator drugs ) furt her inve st igated the phenomenon of 
the accumulat i on o f  bas ic  drugs in the submaxillary glands . 
These compounds were al so  found t o  accumulate in the 
glandular t i s sue to  an ext ent which could not be explained 
by s imple pH part i t i on ing ac cord ing t o  equat ion ( 7 ) , In­
creas ing the  do s e  of Ba 31531 from one to ten mg/kg gave 
no indi cat ion of saturat i on . Both compounds were found t o  
bind t o  homogenate s  of rat submaxi l lary glands by 30-50% 
( bound/total x 100% ) , Th i s  was s t i l l  not suf f i c i ent t o  
account for the h igh intrace llular/plasma concentrat i on 
rat i o s  ( ST-1 5 S : found , 30 . 6 ;  calculat ed 1 . 62 ;  Ba 31531 : 
found , 41 , 3 ;  calculated 1 . 31 ) . I t  was noted , however , that 
homogen i zat ion o f  the cel l s  would result in an altered 
ionic  environment , and perhaps altered b ind ing propert ies. 
The Present Studi e s : Aporoach and Rat ionale . 
Thus , i t  would appear that whereas the drug-tran sport ing 
propert i e s  of sal ivary glands have been characteri zed to  s ome 
extent . many oaradoxe s rema in unexplained . For examp l e . 
why do drugs who s e  salivary c oncentrat i on i s  l e s s  than one 
tenth o f  the plasma concentrat i on ach ieve substant ial 
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c oncentrations in  the  g land cel l s , almos t  regardle s s  o f  
s i ze and l ip id solub i l i ty ( Burgen , 1956a ) ?  Although t he 
t ransport ing propert ies of the gland have been described 
a s  es sent ially pas sive in nature ( Schanker , 1962b ) , what 
of the suggestion of act ive transport of penicillin 
( Borzelleca and Cherrick , 1965) ? And to  what mechan i sm ( s )  
may we attribute t he high t i s sue levels o f  bas i c  drugs 
( Cho et �. , 1969 ) ?  In the case of  nicotine , i f  these h igh 
apparent concentrat i ons are not sensit ive to metabol i c  
inh ibitors , why then are they temperature dependent ? 
The purpose of the studies des cribed in the following 
pages was to answer s ome , if not all of these questions. 
More briefly , the problem m ip;ht be stated , "What are t he 
mechanisms by which drugs cro s s  cell membranes in the 
sal ivary gland s ? " 
It also seemed pertinent to a s ses s the effec t s  o f  
s t imulat ion of  the glandular cell s  o n  drug transporting 
mechan i sms since most experimental data to date have been 
obtained us ing saliva that has been s t imulated to flow by 
e i t her direct nerve s timulation or the administration o f  
s e cre tagogue s .  
An in v i t ro approach to the p roblem was chosen since 
variabil ity is h igh in the 1n v ivo s i tua t i on and q uant i ­
tat ion of  k inetic parameters d i f ficult ( Borzelleca and 
Putney , 1970a ) . In vit ro preparations ava i lable include 
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the perfused gland , cultured cells, collagenase preparat ions 
( mature cells in suspens ion ) , and whole t i s sue slices . 
Perfused glands have been found to be technically difficult 
to maintain ( Borzelleca and Putney , 1970b ) . Free cell 
suspens ions ( cultures or collagenase preparat ions ) offer no 
advantages over slice s ,  s ince accurate measures of the 
extracellular space are readily available . Furthermore , 
slices  offer the addit ional advantages of be ing eas ily 
movable from one incubation medium to another . There i s  
also a good deal o f  informat ion available on the phys iologic 
condit ion of rat submaxillary gland slices  ( Schneyer and 
Schneyer , 1962 , 196 3 ) .  
Pilocarpine , a muscarinic  st imulant , was chosen for 
studying the effects of st imulat ion of the gland cells . It  
is  a potent secretogogue ,  is  the most frequently used sub­
stance for stimulat ing the flow of saliva experimentally and 
has previously been shown to affect ion fluxes in rat sub­
maxillary gland sl ices 1n vitro ( Schneyer and Schneyer, 196 3 ) .  
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METHODS 
Incubat ions . 
All experiment s were performed with the submaxi l lary 
g lands from adult male Charles River CD rat s . The rat s  were 
anesthet i zed with sodium pentobarb i tal , 60 mg/kg i . p . , and 
t he submaxi llary glands removed quickly by blunt d i s sect i on .  
A Stadie-Rigg s  microtome was used to s l i ce the glands into 
40- to 70-mg s l i ces , approximately 0 . 40 mm thick . The 
f i rst and last sl ices taken were d i scarded because of the 
p o s s ibi l ity of contam inat ion by adhering c onnect ive t i s sue . 
The s l i ces were rapidly enc lo sed in a support ing " cage" 
( f igure 1 )  which cons i s ted of a support o f  l inear poly­
ethylene enclosed in nylon net of  intermediate mesh ( pore 
diameter ca . 1 . 5mm ) . A sec t i on o f  P . E .  50 tubing was carried 
down one of the lateral supports to the bottom of the cage 
so that the media could be cont inuous ly oxygenated . The 
apparatus , with t he enclosed s l ice , was t hen placed in an 
Owens-I l l ino i s  Opt i-Clear Snap-Cap vial ( capaci ty ca . 20 ml ) 
c ontain ing 5 ml of a mod i fied Krebs-Ringer-Tris ( KRT )  buffer . 
The buffer ( KRT )  had the following compo s i t ion : Na+ , 1 38 mM ; 
K+ , 4 . 6  mM ; Ca++ , 1 . 5  mM ; Mg++ , 1 . 0  mM ; t r i s  ( hydroxymethyl ) ­
aminomethane ( tri s/tri s H+ ) ,  17 . 3  mM ; C l- , 1 56 . 2  mM ; 
H2P04
-
/HP04
=
, 1 . 2  mM ; glucose ,  6 . 2  mM ; total 326 mOsM ; pH 
( unless otherw i se stated ) , 7 . 40 ± 0 . 02 .  In all experiments , 
the pH o f  the medium was read prior to and after incubat i ons 
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Figure 1 .  Apparatus . used to contain §lices  01:_ s:tlblIlaxi l lary 
gland during uptake and efflux experiments .  Left : nylon 
thread , nylon mesh , and l inear polyethylene support . Right : 
Assembled apparatus in 20 ml vial used for incubat ions ( ins ide 
�iameter ca . 23 mm ) . A s ect ion of P . E .  50 tubing (not shown ) 
was carried down one of the lateral supports to the bottom of 
the vessel  so that the media could be cont inuously oxygenated . 
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with a Radiometer pH meter . The s olution was saturat ed 
w i th 100% 02 prior to each experiment . and the ve s s e l s  con­
t inuous ly bubbled with 100% 02 for the duration of the 
experiment . Al l experiments were performed at 37 °C unle s s  
s tated otherwise .  
Determination of  Total Water Spac e . 
The total water fraction ( or space ) of the s lic e s  was 
determined after 0 ,  5 ,  15 , 30 , 60 , 120 , and 300 minute s  o f  
incubation and under various incubation c onditions . Aft er  
incubation in the K RT for  the  p re s c ribed period of  time , the 
s lice s were quickly removed from the cage , blotted and t ran s -
ferred to small  tared porcelain c rucible s. The c rucibles 
were then weighed , dried at 1000C for four hours and re­
weighed . The water space was calculated a s  the weight lost  
on drying divided by the in i tial wet weight of  the tis sue . 
Determination o f  Tis sue Sodium and Potas sium . 
The sodium and pota s s ium content s of the slice s  were 
determined after 0, 5 ,  15 , 30 , 60 , 120 , and 300 minute s  of 
incubation and under various incubation c onditions . Aft er  
the pre scribed period of  incubation , s lices were quickly re-
moved from the cage s , blotted , weighed on  a torsion balance 
( Federal Pacific ) and t rans ferred to 15-ml test  tubes  with 
Teflon- l ined screwcaps . Immediate ly after slicing , one of 
the s lic e s  was weighed and trans ferred to  one of  the  test 
tube s for the det ermination o f  the initial values (t  = 0 ) . 
One m illiliter of concentra ted reagent grade nitric  acid 
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was added to each o f  the tubes , which were then tight ly 
capped and diges ted at 1000C for 16 hours . The tubes were 
removed and allowed to cool . Four milliliters of 20 mM LiCl 
were added to each tube and the absorbances due to Na+ and 
K+ were read on a Perkin-Elmer model 290 atomic absorption 
spectrophotometer with the flame set perpendicular to  the 
incident beam . All solutions were prepared with reagent 
grade chemical s  dis s olved in deionized water which had a 
conductance of less than 1 ppm as NaCl . Fifty microliters 
of a composite standard containing 200 mM Na+ + 200 mM K+ 
and a reagent blank o f  50 ul o f  deionized water were carried 
through the entire procedure and were used to adjust t he 
instrument to scale readings o f  100 and 0 ,  respectively . 
Absorption and concentration were found to be linearly re­
l ated over this range . 
Determination of Respiratory Stability .  
The respiratory stability of  the preparation was evaluated 
for the first 2 hours and 1 5  minutes of incubation by placing 
the s lices in Warburg ves sels c ontaining 2 . 7  ml of KRT 
s o lution previous ly saturated with 100% 0
2
' In some o f  the 
ves sel s , 0 . 3  ml of KRT containing 20 or 2 mM salicylic acid 
or 10 , 1 . 0 ,  or 0 . 1  mM nicotine was inc luded in the side arm . 
The side arm content s were tipped into the main body after 
one hour so that the concent ration in the main body was 2 or 
0 . 2  mM s a l i cy l i c  ac id or 1 .  0 . 1 .  or 0 . 01 mM nicotine . The 
ve s sels and manometers were flushed with 100% 02 a ft e r  
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placing them in t he waterbath-shaker at 37°C .  �anore e t e r  
reading s were taken every 15 minutes f o r  2 hours and 1 5  
minutes .  For each  ves sel t h e  first four readings were 
averaged and readings during the 2nd hour and 1 5  minut e s  
c omputed as  percentage of the firs t  hour mean . 
14 Determination o f  the Equivalent Space o f  C -Labe led Compounds . 
S lic e s  were incubated ( a s  stated in the previous 
sections for det ermining total water  fraction or Na+ or K+ 
leve l s ) for one h our and then t ransferred to vial s  containing 
5 ml of KRT and one of several C14_ labeled compounds . M o s t  
o f  the c ompounds were obtained from N e w  England Nuclear 
Corporation . Nicotine ( N _methYl_C1
4
) wit h  a specific 
activity of 20 mCVmmol was obtained from Amersham/Searl e 
Corporation . For most o f  the uptake experiment s ,  the c14_ 
nicotine and unlabeled nicotine were added to the KRT buffer 
t o  give a final concentration of  0 . 01 mM and a final specific 
activity of 2 . 5  mCi/mmol .  In some experiments , the final 
concentration was 1 . 0  mM with a specific activity of  0 . 02 5  
mCi/mmol . For e fflux experiment s ,  the concentration used 
for saturating the  tissue prior to e f flux was 0 . 01 mM wit h  
a spec i fic activity of  2 0  mCi/mmol ( i . e .  n o  non-radioac tive 
nicotine was added ) .  For uptake and e fflux experiments ,  the 
14 C -salicylic acid had a specific activity o f  0 . 02 5 mCi/mmol 
when the medium concentration was 2 . 0 mM and a specific 
a ctivity of 2 . 5  mCi/mmol when the concentration was 0 . 02 mM .  
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The other compounds used were : 5 , 5-dimethyloxazolidine-2 , 4_ 
d lone_2_C14 ( C14_DMO ) ,  1 . 1  pM ;  inul in-carboxyl_c14 , 2 5 . 7  mg/l ; 
sucro se_C14 , 10 pM ;  D_mannitol_l_c14 , 0 . 9 8 pM ; urea_C14 , 
1 . 0  pM . For all compounds ,  the spe c i f i c  act ivity was such 
that the medium contained about 5 x 10-5 mC i/ml . Afte r  the 
pre scribed period of  incubat ion , the s l i c e s  were removed ,  
d i pped in four succes s ive washes o f  KRT , blotted and we ighed . 
The proce s s  of dipn ing and blott ing took no more than four 
seconds . After weigh ing , the s l i c e s  were trans ferred to 
t e s t  tube s containing 5 ml of 0 . 1  N NaOH ( 0 . 1  N HCl for ure a )  
and shaken vigorously f o r  one hour . Longer periods o f  ex-
tract ion were found to yield no add i t i onal radioact ivity , 
and the amount of radioact ivity rema in ing in the t i s sue 
re s i due after one hour was found to be negligible . The 
radioac t ivit i e s  o f  the extracts  and o f  the incubation media 
were determined with a Nuclear-Ch icago l� inch low-background 
pianchet system with a m i crom i l  window . Self-absorpt i on was 
standardi zed in all planchets by the addit ion of appropriate 
salt concentrations . 
When C14-nicot ine was determined , precaut ions were taken 
to avo 1 d  the pos s 1b 1 1 i ty of count ing C14-cot inine and other 
metabo l it e s . The t i s sues were we ighed and transferred to 
50 ml centrifuge tubes  contain ing 4 . 0  ml of  d i s t i lled water . 
Four ml a1 1quots  of the media were also  transferred t o  50 ml 
tube s . One ml of 0 . 1  N NaOH wa s added to all tube s and the 
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tubes containing the tissues were shaken vigorously for 
one hour . Twelve ml of  n-heptane containing 1 . 5% iso-amyl 
a lcohol were then added to all  tubes ( tissue and medium ) 
and the tubes shaken for an additional 20 minutes . Ten m l  
o f  each heptane phase were then trans ferred t o  another 50 m l  
centrifuge tube c ontaining 4 ml of  0 . 1  N HCl . These tubes 
were shaken vigorously for five minutes , centrifuged , and 
the radioactivity in t he aqueous phases was determined. C14_ 
nicotine was extracted equally wel l  from tis sue and aqueous 
solution and the mean efficiency was 66 . 0  ± 1 . 2% . This 
procedure is similar to that employed by Hucker � al . ( 1960 ) . 
The equivalent space for all  compounds was c omputed a s : 
( count s per minute/gram of tis sue ) 
Vx 
= (counts per minute/mil liliter of medium ) ( 10 )  
where Vx is the equivalent space o f  the particular c ompound 
( x )  in milliliters per gram . This quantity wil l  henceforth 
be referred to a s  the "x space" ( 1 . e .  DMO space , inulin 
space , etc . ) .  
Determination o f  Unidirec tional Efflux Rates by Isotope 
Washout . 
Measurement s  of radiocarbon efflux rates were performed 
in a manner similar to that reported for C14_ca ffeine 
( Bianchi , 1962 ) and C14_ sugars ( Weis s ,  1966 ) . After an in­
cubation period o f  40 minutes in KRT containing C14_ labeled 
drug , the tis sue holder was trans ferred succes sively to a 
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series  of vials containing known volumes of  nonradioact ive 
KRT , usually for one m inut e each . At the end of the ex-
periment , the t i s sue was extracted a s  before , and the 
rad ioact ivity was det erm ined in each vial and in the extract . 
In the case of nicot ine , each vial and the t i s sue were 
he ptane- extracted prior to count ing . The data were computed 
a s percentage of total rad ioact ivity remaining in the t i s sue 
at each po int in t ime . Semi-logarithm i c  plots o f  s uch data 
have been termed desaturation curves by Shanes and Bianch i 
( 1 95 9 ) . 
Determ inat i on of the Extracellular Space or Fraction . 
The extracellular space of the s l i c e s  was determ ined by 
measuring the eq uivalent space o f  four carbohydrates  at 
van10us periods of incubat ion . The result s obtained and their  
evaluation will  follow in the  RESULTS and DISCUSSION sect ions . 
14 I� easurement of  Intracellular pH (pHi ) by C -DMO Distribut ion . 
The di stribut ion of  c14_DMO in the t i ssue was used to 
e s t imate the pHi . The method was essent ially that described 
by Waddell and Butler ( 1959 ) as mod i fied for the use of small 
concentrat ions of  C14_DMO 1n vitro by  M i ller et  al . (196 3 ) . 
The calculat ion of intracellular pH was undertaken with the 
follow ing equat i on ,  wh ich i s  e s s ent ially the same as  that 
reported by Waddell  and Butler (1959 ) : 
PHe-PKa) 
10 - 1 ] ( 11 )  
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where pHi intracellular pH , pHe = pH of the medium ,  
pKa = pKa o f  DMO at 
cellular space , and 
14 37°C ,  V
DMO 
= C -DMO space , Ve = extra-
VT 
= total water spac e . The value for 
the pKa of DMO at 37°C i s  g iven by Irvine et al . ( 1961 ) as 
6 . 1 3 .  
Stat i s t i cal analys e s  were performed by analys i s  o f  
variance o r  b y  t h e  u s e  of Student ' s  i-test  f o r  pa ired data 
when appropriate .  The minimum level of  s ign i f i canc e  was set  
at . 05 ,  but compari sons s igni f i cant at more reliable leve l s  
are so indicated . 
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RESULTS 
Determinat ion o f  Total Wat er Space . 
The value s obtained from total water space measurement s 
following 0 ,  15 , )0 , 60 , 120 , and )00 m inut e s  of incuba t i on 
are pre sented in figure 2 .  There appears to be a small  
( c a .  2% ) increase in t i s sue water in it ially followed by a 
period of relat ive stability up to 120 minute s .  Each po int 
repre sent s the mean of six determinat ions ± S . E . Analys i s  
o f  variance showed no di fference i n  the )0- , 60- and 120-
minute values , and these were subseq uently pooled to g ive 
a value of 0 . 796 ± 0 . 00 2  ( S . E . ) ml/g (n = 18 ) . 
Determination of Ti s sue Sodium and Pota s s ium .  
The results o f  the analys e s  o f  s l i c e s  for Na+ and K+ 
content after 0 ,  5 ,  1 5 ,  )0 , 60 , 120 , and 300 minute s  of in­
cubat ion are pres ented in f igure 3 .  Each po int is the mean 
of s i x  determinat ions ( ±  S . E . )  although both Na+ and K+ 
determinat ions were performed on each sl ice . There i s  
apparently a rap id l o s s  of K+ and a gain of Na+ by t h e  t i s sue 
followed by a more gradual change up through 300 minut e s . 
There appears to be a relat ively stable period of ion flux 
from 60 to 120 minutes . 
Determination of  Respiratory Stabil ity .  
Re spiratory data for t h e  period 60 to 1 3 5  minut e s  are 
ore sented in figure s 4 and 5 .  Each value repres ent s the mean 
of four determinations  (± S . E . ) .  The 100% value i s  equivalent 
to a "Q " value of about 0 . 2 2 pl 02/mg/hr . By compari s on ,  
.:40-
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Figure 2 .  Total wat e r  space ( ml/gm ) of submaxi llary s l i c e s  
at various times  of  incubat ion i n  KRT . Each pO int renre s ents 
the mean of six determinat i ons ± S . E . 
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Figure 3 .  
+ + K ( upper curve ) and Na ( lower curve ) t i s sue 
concentrations (mEq /kg ) in submaxillary s l i c e s  at vari ous 
t imes of  incubat i on in KRT . Each po int repre sents the 
mean of six det erm inations ± S . E .  
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EFFECT OF SALICYLIC AC I D  ON 02 CONSUMPT I ON 
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Figure 4 . Relat ive .02 oonsumpt ion- ·by submaxillary gland 
s l i c e s  during the second hour and f i fteen m inutes of in-
cubat ion in KRT . Warburg manometers were read every f i ft e en 
m inut e s  for the first hour , averaged , and the following 
f i fteen m inute read ings recorded as percent of the first 
hour mean . Each value pre sented repres ent s the mean of four 
such dete�minat ions ± S . E .  The concentrat ions given in the 
key repre s ent the concent rat ions  of sal icyl i c  acid added 
after the first hour . 
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EFFECT OF N I COTI NE  ON 02 CONSUMPTION 
= CONTROL = I .OmM 
1 5  30 
ESSI O. l mM = O. O l mM 
4 5  
TI ME· (minutes after f i rst hour) 
60 75 
Figure 5 . Relat ive O2 consumpt ion by submaxillary gland 
sl ices  during the experimental per10d { 60-l 35 ml-n) ·  of in-
cubation in KRT . Warburg manometers were read every f i ft een 
m inutes  for the f irst hour, averaged, and the following 
f 1 fteen m 1nute read 1ngs rec orded as percent of the f i r s t  
hour mean . Each value presented represents the mean of 
four such determinat ions ± S . E . The concentrat ions � iven 
in the key represent the concentrat ions of nicot ine added 
after the first hour . 
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Brock � al . ( 1942 )  obta1ned value s rang1ng from 0 . 20 - 0 . )0 ,  
when expre ssed 1n s 1m 1 lar un1 t s . Analy s 1 s  of  var1ance showed 
no d 1 fference 1n re sp1rat 1on w1th 2 . 0  or 0 . 2  mM sa1 1cy1 1c 
ac1d  ( f 1gure 4 ) except at 1 5  m 1nute s  w1th 0 . 2  mM concentra-
t 1 on .  Furthermore , none o f  the value s are s 1gn1 f 1cant ly 
( P  < . 05 )  d 1fferent from 100% , except at 15 m 1nutes  w1th 
the 0 . 2  mM concentrat1on .  W1th n 1 cot 1ne ( f 1gure 5 )  the 15 , 
)0 , and 75 m 1nute value s w1th the 1 . 0  mM concentrat 1on were 
s 1gn1f1cantly d1fferent ( p < . 05 ) from the rest of the value s . 
There fore , the bulk of subseq uent exper1ments  were conducted 
w 1th the lower concentrat 1on of n 1 c o t 1ne ( 0 . 0 1 mM ) and 1 . 0  mM 
n1cot 1ne was used only 1n the exper1ments de s 1gned to demon­
strate saturat 10n o f  uptake and desaturat 1 0n of  b 1nd1ng s 1tes . 
In l 1ght of the total water space data , Na+ and K+ data 
and resp1ratory data , all further exper1ments were performed 
accord1ng to the follow1ng protocol : 1 )  all s 1 1 c e s  were 
a l lowed to "rest " for a per10d of one hour , and 2 )  all ex-
per1ment s were des 1gned such that they were term1nated w1th 1n 
120  m 1nutes . Thus , 1n all uptake exper1ment s ( as stated 
prev10usly 1n M ETHODS ) t 1 ssue s  were rested for one hour , and 
14 t h en transferred to v1als contain ing one o f  the var ious C -
labeled compounds for various t 1me per10ds up to one hour . 
In the case of efflux exper1ments ,  t 1 ssues were rested for 
one hour , allowed to  take up C14_drug for 40 m 1nutes  and then 
"washed out " for 2 0  m 1nut e s . 
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De termination of  Extrac ellular Space . 
Figure 6 summarizes  the data obtained from determin ing 
the equivalent space s  of radiocarbon inul in , sucrose , mann i ­
tol , and mannose a t  various t imes u p  to 180 minutes . Each 
value repre sents the mean o f  s i x  determinat i ons (±  S . E . ) .  
Analys i s  of variance (with re spect to each compound ) showed 
no differences in the 40 - t o  180-minute value s ,  and the 
pooled means from 40 to  180 m inut e s  are also pre sented . It  
appears that C14_ inul in , c14_ sucrose and C14_mannitol are 
eq ually capable o f  measuring a relat ive ly homogeneous 
extrace llular space . 
Six  additional uptake experiments were performed 
measuring the 60-m inute C14_ inulin space , and the pooled 
6 0 -m inute value s were averaged . The value obta ined of 0 . 20 8  
± 0 . 005  ml/g ( S . E .  ( n  = 12 ) will  b e  taken a s  the extracellular 
space ( Ve )  in subsequent calculat ions . The intracellular 
s pace , Vi , i s  found from the di fference VT - Ve = 0 . 7 9 6 -
0 . 20 8  = 0 . 588 ml/g . 
Figure 7 summarizes  e xperiment s where in s l ic e s  of  
sal ivary t i s sue were  allowed to equ i l ibrate with  C14_ inul in 
and were then carried through a 10 -minute "washout " at 30 -
second interval s .  The rate constant was calculated by l inear 
regre s s ion ( w ith the natural logari thms of the ordinate 
value s ) and found to be 0 . 142 ± 0 . 00 2  m in-I . The extrapo-
lated l inear component intercepted the ordinate axis at a 
value of 7 1% .  
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CARBOHYDRATE SPACES 
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Figure 6 .  Equivalent spaces (ml/gm ) of various C14_ : 
carbohydrates at various t:1mes  _ _  of incubati.on .  Sl1ces were 
rested for one hour in KRT and then trans ferred to KRT con­
taining one of the C14-carbOhYdrates .  The time periods 
indicated refer to time lapsed after the slice was trans­
ferred to the radioactive med ium .  Each value represents the 
mean of s ix determinations 1: S . E .  c::::::J =C14_ inulin , 
14 14 14 I!r�'''1 =c -sucrose ,  � =c -mannitol , � =c -mannose .  
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C·4 INUUN EFFLUX 
k"0.142 '0.002 min." 
I O ������������� 
o 2 4 6 8 10 
TIME (minutes) 
Figure 7 .  1
4 Efflux of C - inul in from sl ices of ·· submaxillary 
gland . The broken l ine represents the extrapolation o f  the 
slower component to zero t ime . Slices  were rested for one 
hour . equilibrated with C14_ inul1n for 40 minutes:-'and then 
washed out for 10 minutes in 30 second intervals .  The curve 
represents the mean of three experiments . 
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Measurement of pH i .  
Figure 8 summarizes  the data obtained from uptak e 
measurements of C14_DMO at various t imes  up to 60 minut e s . 
Each po int is the mean of four determ inat ions . The data are 
presented as intracellular/extrace llular concentrat i on rat i o s  
( l/E ) ± S . E .  wh ich were calculated from t he corresponding 
spac e s  with the following equat ion l 
I _ Vx - Ve 
E - Vi ( 12 )  
where l/E = intracellular/extracellular concentration rat io 
and Vx , Ve , Vi = as before . Since there was some variab i l ity 
( a lthough small ) in measurement o f  Ve and VT , the e s t imated 
standard errors in figure 8 are probably sl ightly low . 
The 60-minute DMO space s  obtained with pHe value s o f  
8 . 00 ,  7 . 40 and 6 . 80 at Soc ( pHe = 7 . 40 and 8 . 00 ) , and in the 
pre sence of  2 . 0  mM sal i cylic  ac id and 1 . 0  mM nicotine are 
summarized in table 3 . It i s  of inte re s t  that 1 ) neither 
2 . 0  mM salicyl i c  acid nor 1 . 0  mM nicot ine had any effect on 
pHi and 2 )  the pH gradient appeared to be relat ive ly in-
sensit ive to rather drastic  alterat i ons of the extracellular 
pH .  The DMO space at pHe 6 . 80 was ,  however ,  sign i f i cantly 
greater (p < . OS )  than at pHe = 7 . 40 . whereas there was no 
s i gn i f i cant d ifference when pHe was raised to 8 . 00 or when 
the t emperature was lowered to SoC .  
-49-
Cl4 DMO UPTAKE 
0 . 7 
0 .6 
0 . 5  
l<j 0.4 
Vi 
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F igure 8 .  Uptake of C14_DMO b:¥ . submaxil,1ary gland s l i c e s . 
S l i c e s  were re sted for one hour prior to uptake . The t ime 
on the absci ssa refers to the t ime after transferring the 
s l ice  to the radioact ive medium . The ordinate  value s ( I/E ) 
were calculated from the c14_DMO space , Ve and Vi with 
equation ( 12 ) . Each pO int repres ents  the mean of four 
determ inations ± S . E . 
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TABLE 3 
DMO spaces and pRi values under various conditions 
of incubation 
V 
Condition �nl DMO :t S . E . ( m1/g )  
pRe = 7 . 40 . 37°C ( 16 )  0 . 62 1  :t 0 . 014 
pRe = 6 . 80 ,  37°C ( 12 )  0 . 719 :t 0 . 0 13a 
pRe = 8 . 00 , 37°C ( 12 )  0 . 599 ±. 0 . 02 5 
pRe = 7 . 40 ,  5°C ( 12 )  0 . 594 :t 0 . 02 8  
pRe = 8 . 00 , 5°C ( 12 )  0 . 655  :t 0 . 02 1 
pRe = 7 . 40 ,  37°C 0 . 619 :t 0 . 0 20 
1 . 0  mM Nicot ine ( 12 )  
pRe = 7 . 40 ,  37°C 0 . 62 5 :t 0 . 01 3 
2 mM Sali cylic  Ac id ( 12 )  
7 . 24 
6 . 7 2 
7 . 82 
7 . 20 
7 . 88 
7 . 24 
7 . 24 
aS igni f icant1y greater ( p  < . 05 ) than control ( pRe 7 . 40 ,  
J7oC ) • 
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Measurement of C14_Sal 1 cyl 1c  Acid. Uptake . 
14 The t imed uptake of C - sal icyl i c  acid  (medium c oncen-
trat ion = 2 mM ) i s  graphi cally repre sented by figure 9 . The 
liE values are calculated from the sal icylic  acid spac es  
with equat ion ( 12 ) . Each po int repre sents the mean o f  four 
determ inations except for the 60-minute value wh ich repre s ent s 
the mean of s i x  determinations . The rate  constant for e f flux 
was calculated with equat ion ( 2 )  by l inear regre s s ion ( f igure 
10 ) ( taking the natural logarithms of the ordinate values )  
and found t o  be 0 . 097 ± 0 . 00 5  m in-I . 
Table 4 summari zes  the data obta ined from determin ing 
the 60-minute sal icylic  acid  space under cond itions of variable 
extracellular pH,  in the presence of 10-5M CN- , at SoC and 
in the presence of 0 . 02 mM sal i cy l i c  acid . Metabo l i c  po i _  
s on ing by 10-5M CN- o r  lowering the temperature to SoC had 
no e ffect on the steady-state 60-m inute salicylic ac id  spac e , 
wh ereas lowering the extracellular c oncentrat ion to 0 . 02 mM 
salicylic  acid s ign i f icant ly increased the observed space 
(p < . 05 ) . Lowering pHe to 6 . 80 and elevat ing pHe to  8 . 00 
s ignificantly ra ised and lowered the sal icylic  ac id space s . 
l1easurement o f  Cl4_ Sa l i cyl ic Acid Efflux . 
Figure 1 1  shows a repres entat ive experiment whereby a 
s ingle slice  of  sal ivary t i s sue was allowed to eq uil ibrate 
with 2 . 0  mM C14_salicylic acid and was then carried through 
a 20-minute "washout " .  The rate c onstant was calculated by 
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2 .4 C
14SALICYLIC ACI D  UPTAKE 
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Figure 9 .  
14 Uptake of  C - sal icyli c  ac id by submaxillary gland 
s l i ce s . Slices  were rested for an hour prior to uptake . 
The t ime on the abs c i s sa refers to  the t ime after t rans -
ferring the s l i c e  to the radioact ive medium . The ordinate 
values ( r/E ) were calculated from the C
14_sa1iCy1 i C , ac i d  
space , V e  and Vi w i t h  equation ( 12 ) . Each po int repre s ents 
the mean of four determ inat ions � S . E .  except for the 60  
m inute po int wh ich repre sents the mean of  s ix determ ina t i ons 
� S . E .  
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CI4 SALICYLIC ACI D  UPTAKE 1 . 0  
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Figure 10 . 14 Uptake of C -sal icyl i c  acid by submaxillary 
gland slice s . The data presented in f igure 9 were used t o  
calculate t h e  ord inate values where R i s  t h e  6 0  minute value 
of liE .  The · stra ight l 1ne i s  thEl .J.�r:.� . calcu�a�_e�_!>!_ .. l 1near 
regre s s ion o f  the natural logarithms of  the ordinate value s . 
The rationale for the pre s entat ion i s  derived from equat ion 
( 2 )  • 
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TABLE 4 
14 C -sal icyl ic acid uptake by submaxi llary gland s l i c e s  
nHe 
7 . 40 
7 . 40 
7 . 40 
7 . 40 
6 . 80 
8 . 00 
a 
( SA )  = 2 . 0  mM ; T = 37°C 
e 
Condition�s ) Mean Space + S . E .  ( n )  
None ( control ) 1 . 09 1  :!:. 0 . 0 37 ( 20 ) 
10 -5M CN - 1 . 0 82 :!:. 0 . 116 ( 6 )  
5°C 1 . 00 8  :!:. 0 . 0 80 ( 6  ) 
( SA)  = 0 . 02 mM 1 . 645 :!:. 0 . 07 5  ( 12 ) a e 
None 1 . 47 2  :!:. 0 . 0 89 ( lO ) a 
None 0 . 90 5  :!:. 0 . 0 51 ( lO ) a 
S ignificantly diffe rent from c ontrol ( p  < . 05 ) . 
100 
50 
1 I 
o 
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C14 SALICYLIC ACID EFFLUX 
k' o..lo.n 0..0.0.1 min' 
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FI>ST Co.MPONENT 
k.o.6ZZ ! 0..0.5Z min' 
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Figure il . Efflux of Cl4- sal 1cYlic acid from a slice  of sub-
maxillary gland . After  rest1ng ror one hour . tl'!e"iHTce was 
eq u1l ibrated with the rad iocarbon drug ( 2 . 0  mM ) for forty 
m inutes  and then washed out for twenty m inut e s  in one m inute 
�ntervals . The broken l ine repre sents the extrapolat ion of 
the s low component to  zero t ime . The fast component was ob-
ta ined by subtract ing the percentage values on the e xtrapo­
lated l ine from the c orre sponding experimental value s . 
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l inear regres s ion ( wi th the natural logarithms of the 
ord inate value s )  for the period 5 to 20  minutes  and found 
to be 0 . 107 ± 0 . 00 1  m in-I . The mean of four such deter­
m inat i ons was 0 . 112 ± 0 . 00 5  m in-I . By subtract ing the 
extrapolated values of  the slow component at O.  1.  2 ,  ) ,  
and 4 m inutes , the result ing value s demonstrate the rap id 
decay of the so-called fast  component . In this  cas e , the 
rate constant for the fast component was found to be 0 . 62 2  
± 0 . 0 52 min-I . Decreas ing the washout interval to )0 seconds 
had no effect on the observed rat e  cons tant , as shown in 
f igures 12 and 1 ) .  These two e xperiments illustrate the 
washout of paired s l ices ; one s l i c e  ( figure 12 )  washed out 
at one minute intervals and the other ( f igure 1 ) )  at )0 
second intervals . Selected points from f igure 12 ( ind icated 
a s  Exp . A) are plotted  with figure 1 ) .  The s imilarity i s  
readily apparent . 
The experiments were repeated ( figure 14 ) with an 
external C14-salicylate concentrat i on o f  0 . 02  mM ( during 
uptake . The mean rate  constant s for four such experiment s 
were : s low component , k = 0 . 096  ± 0 . 00 2  min-I ; fas t  com­
ponent , k = 0 . 610 ± 0 . 02 2  m in-I . The mean rate constant 
for the s low component in the 0 . 02 mM experiments was s ig­
ni ficantly less  ( P  < . 05 )  than the mean rate constant for 
the slow component in the 2 . 0  mM experiment s .  
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F igure 12 . 
.. 14 - . -- - - - . .. . . ...... . 
Efflux of C -sal icyl i c  ac id from one o f  a pa ir  
o f  submaxillary gland slices . Th i s  s l ice was washed out 
in one m inut e intervals for 20 m inut e s . 
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E xp. B - 30 SECOND WASHOUTS FOR 1 0  M INUTES 
1 00 
• 
50 
1 0  L-..-..I..._...L..---L_...L---l_-'----'L-..-..I..._L.---J 
o 5 10 
T IME  (M i nutes) 
F' igure 13 . 14 Efflux o f  C -sal1cl��c acidJr0lll: 0ne oL�_p�1� _ 
o f  submaxi llary gland slices . Thi s  s l i c e  was washed out in 
th irty second intervals  for 20 m inut e s . Some of the pOints 
from the otl'ler s.l ice ( Exp .  A,  see  figure 12 ) are included 
for compari son ( 0 ) . 
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C14 SAUCYUC ACID EFFWX ( 0.02 mM) 
5 
k' O.603±Q033 min' 
o 4 8 12  16 20 
TIME (minules) 
Figure 14 .  
14 Efflux of C - sal icylic acid  from. _a sl 1 ce -of 
submaxi llary gland . The protocol was identical to that 
for f igure 11 , except that the t i s sue was equil ibrated 
�ith 0 . 02 mM C14_ sal 1cyl1c acid prior to washout . 
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The effect of  pH on efflux was studi ed in two type s 
of  experiments . Figure 15 illustrate s  de saturation data 
obtained when s l i c e s  were eq uil ibrated with 0 . 02 mM C14_ 
sal icyl ic  acid at pHe = 6 . 80 ,  7 . 40 and 8 . 00 and then washed 
out with KRT at pHe = 6 . 80 ,  7 . 40 and 8 . 00 ,  respect ive ly . 
Each curve repres ents the mean of four determinat ions . The 
curve s obtained at pHe = 7 . 40 and 6 . 80 were ind i s t inguish-
able and the top curve dep icts  both . When the experiment 
was run at pHe = 8 . 00 ,  there was a marked increas e  in the 
s ize o f  the compartment washed out by the fast component . 
The 5- to 12-m inute port ion o f  the curve i s  ident ical in 
s lope ( i . e .  rat e  constant ) to  the curve s at 7 . 40 and 6 . 80 .  
There i s  a marked increas e  in the efflux rate after 12 m inut e s , 
or , probably more appropriately , below 20% remaining . 
Figure 16 i l lustrate s  the data obtained when pHe was 
rai s ed or lowered during efflux . Each curve repres en t s  the 
mean of  four such experiments .  The s l i c e s  were equil ibrated 
with 0 . 02 mM C14_ sa l iCyliC acid at pHe = 7 . 40 and washed out 
for the first 10 m inute s  at pHe = 7 . 40 .  During the 11- t o  
2 0-m inute period o f  efflux . pHe was changed to e i ther 8 . 00 
or 6 . 80 as indicated . Rai s ing pHe to 8 . 00 or lowering pHe 
to 6 . 80 appeared to cause a s light increase or decrease  in 
the efflux rate of C14_ salicyliC acid . respect ively . Neither 
change , however , was s ign ifi cant at the 5% level of  re j ection .  
1 0 0 
30 
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c··  SA LICYLIC AC I D  EF F LU X  
0 '  pH . ' 7A O  
x' pHe = 6. 80 
. ' pHe' 8.00 
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Figure 15 .  Efflux o f  C1
4_sal i cyl iC ac id  from submaxillary 
gland s l i ce s . The protocol was the same as for -figure "" ll ,  
except that s l ic e s  were equil ibrated and washed out at one 
of three pH values : 7 . 40 ( 0  -- 0 ) , 6 . 80 ( x  -- x ) , 
� , OO ( . -- . ) .  Each curve repre sents the  mean of four 
determinations . 
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CI4 SALICYLIC ACID EFFLUX 
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Figure 16 . Efflux of C14-sa1iCY1 i C  acid from submaxi l lary 
gland slice s . The prot-ocol was the- same as- - for-f-1gttre - 11 
except the pH was changed during the 10-20  minute period 
to 8. 00  ( upper curve ) or 6 . 80 ( lower curve ) .  Each curve 
represents 'the mean of  four determinations . 
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Figure 17 represents efflux obtained when s l i c e s  were 
equil ibrated with 0 . 02 mM C14_sal i CyliC  ac i d ,  washed out in 
sal i cylate-free KRT for 10 minut e s  and then , for the las t  
10  m inutes , washed out i n  KRT containing 2 . 0  mM unlabeled 
sal icyl ic acid . It i s  apparent that the introduct i on o f  the 
excess unlabe led sal i cyl ic acid caused  a gradual , marked  
increase in  the  observed rate  of  efflux . 
Measurement of C14_Nicot ine Uptake . 
The t ime c ourse  of uptake of  C14_n icot ine (medium 
concentrat ion = 0 . 0 1  mM )  i s  shown in figure 18 . The  apparent 
intracellular/extracellular concentration rat ios were cal­
culated from the C14_nicot ine spac e s , C14_ inul in space and 
total water space with equat i on ( 12 ) . Each pO int repre sent s 
the mean of four determ inat i ons except for the 60 minute 
value for whi ch n = 6 .  The rate  constant for efflux was cal-
culated from the uptake data w i th the integrated form of 
Fick ' s  eq uation ( Davson and Matchet t ,  1953 ; equation 2 )  as  
before and found to be  0 . 11 1  � 0 . 00 7  ( S . E . ) min-l  ( f igure 19 ) . 
Table 5 summarizes  data obtained from determinat ions 
of  the 60 minut e C14_ni cot ine space at various levels  of 
extracellular pH ( pHe ) . Depre ss ing pHe to 6 . 80 and elevat ing 
pHe to 8 . 00 s ign i f icant ly decreased and increased the nico­
t ine spaces respect ively ( P  < . 0 5 ) . The value s indicat ed 
as ( I/E ) are those calculated from the e xperimental 
exp o 
1 0 0 
30 
10 
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CI4 SALICYLIC ACI D  EFFWX 
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Ftgure 17 . Efflux of C14_ saltcyl tc actd from submaxtllary 
gland s l t c e s . The protocol was the · same as for-·1'1gU""re 11  
except 2 . 0  mM  nonradtoact 1ve sal tcyl tc  actd was added t o  
the medtum for t h e  10-2 0  m 1nute pertod . The curve repre-
sents the mean of  four determtnat tons . 
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Figure 18 . Uptake of C14_n icotine by . submaxillary gland 
sl ices . Slices  were rested for one hour prior to  uptake . 
The t ime on the scale of the abs c i s sa refers to the  t ime after 
trans ferring the s l ice  to the radioact ive medium . The 
ordinate values ( liE ) wer.e calculated from the C14_nicot ine 
space s ,  Ve and Vi with equa t i on ( 12 ) . Each po int repre sents 
the mean of  four determinat i on s  ± S . E .  except for the 60  
m inute value which repres ents the  mean o f  s ix determinat ions 
± S . E .  
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Figure 19 . Uptake of C14_nicot ine by submaxillary gland 
. . . 
s l ices . The data pre sent ed in figure 1 8  were used to cal-
cUlate the ordinate values where R is the s i xty m inute 
value of liE . The stra ight l ine  i s  the l ine calculat�d by 
� inear regre s s i on o f  the natural logarithms of the ordinate 
value s . The rat i onale for the pres entat ion i s  derived 
from equation ( 2 ) . 
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TABLE 5 
pH dependence of C14-nicot ine uptake 
pHe = 6 . 80 pHe = 7 . 40 pHe = 8 . 00 
C14_N icot ine Space 2 . 2 40 + 
:!. S . E .  ( n )  0 . 471  Tto ) a 
4 . 0 )7 + 
0 . 2 5 5  \16 ) 
5 . 2 )8  + 
0 . )6 )  \lO ) b 
( liE ) exp o 
c 3 . 456 6 . 512 8 . 554 
( l/E ) th 
d 1 . 182  1 . 30 8  1 . 1 8 5  
eor . 
Exc e s s  Fract i one 2 . 274  5 . 204 7 . )6 9  
( N ) f 0 . 10 1  0 . )0 9  0 . 640 
a 
Sign i f icant ly less  (p  < • 05 ) than control ( pHe = 7 . 40 ) • 
b 
c 
d 
e 
f 
Sign 1 f i cant ly greate r  ( P  < . 0 5 )  
Calculated from Vn ic , Ve , and Vi 
Cal culated from pHi , pHe and pKa 
( liE ) - ( liE ) exp , theor . 
Calculated with equat i on ( 14 ) , 
than control ( pHe = 7 . 40 )  • 
with eq uation ( 12 )  , 
wi th equation ( 13 )  • 
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spaces  with equat i on ( 12 ) . The values indicated as 
( liE ) repre sent the theore t i cal ( liE ) values obtained 
theor . 
with the following equation ( Jacobs , 1940 ) : 
1 + 10pKa - pHi I 
E theor .  1 + 10pKa - pHe ( 13 )  
The relat ionship  i s  derived on t h e  as sumpt ion that only the 
un- ioni zed form of  nicot ine is capable of cross ing the c e l l  
membrane s .  The pKa repre sent s t h e  negat ive logarithm o f  the 
d i s so c iat ion constant for the monopro t i c  form of the c on-
j ugat e acid . S ince at lower pH value s , n icot ine becomes  a 
d iprotic  con j ugate .  the pKa of conc ern here i s  actually pK2 
and i s  given by Barlow and Ham i lton ( 1962 ) as 7 . 75 at 37°C . 
From Albert ' s  ( 1952 ) suggested temperature correct i on , the 
value at 5°C would be 8 . 44 The terms pHi and pHe in the 
equat ion were defined previously . The " Exc e s s  Fract ion" in 
table 5 i s  the d ifference between the experimental and theo-
ret ical liE value s ( liE - IIEth ) and may be c on-exp o eor . 
s idered to be that port ion of the uptake that cannot be 
expla ined on the bas i s  of pas s ive d i ffus ion acro s s  the 
membrane with the intrace llular drug s imply d is solved in the 
cell water . The term ( N )  refers t o  the int racellular con-
centrat ion of free un- ion ized nicotine and i s  calculated 
with the following equat i on ( as s ign ing a total extracellular 
concentrat i on of  unity ) : 
(N )  = __ -=
l
�---::� 
1 + 10pKa - pRe 
( 14 )  
wh ere pHe and pKa have been previously defined . 
Table 6 summarizes  the data showing the effect o f  
14 temperature on the 60  m inute C -nicotine space at two 
value s of pHe , 7 . 40 and 8 . 00 .  The control values at  pHe 
7 . 40 and pHe 8 . 00 repre sent the same experiment s shown at 
these two value s o f  pHe in table 5 .  At both values o f  pHe , 
lowering the temperature to  5°C reduc ed the observed spac e s . 
The reduct i on was s ign ificant only at pHe 7 . 40 ( P  < . 05 ) .  
Paired experiment s ( not shown ) at 5°C and at 60 and 120  
m inutes  showed that the  space at 5°C did not  s ign i fican t ly 
increase  at e ither value of pHe with the longer period o f  
incubat i on .  T h e  subsequent value s in the table were computed 
in a manner ident ical to that described for table 5 ,  but it 
should be noted that for the 5°C experiments the pKa value 
used ( as previous ly stated ) was 8 . 44 .  
Experiment s were also conducted a t  pHe 7 . 40 .  370C with 
the nicot ine concentrat ion ra i s ed to 1 . 0  mM or with 10-5M 
KCN added to the media . The 60 m inute spaces  were re spec-
t ively : 3 . 688  ± 0 . 336 ( S . E . ) mllg ( n  = 10 ) , and 4 . 39 8  ± 
0 . 438  ( S . E . ) ml/g ( n  = 8 ) . Analy s i s  of variance showed no 
e ffect of  t he s e  two parameters on the 60  m inute space at the 
5% leve l of re j ection .  
M easurement of  c14_Ni cot ine Efflux . 
Figure 20 repres ents the mean of four experiment s in 
wh ich s ingle sl ices  of submaxi llary t i s sue were allowed to 
equil ibrate w i th 0 . 01 mM C14_nicot ine at 37°C and were then 
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TABLE 6 
Effect of teml2erature on C14_nicot ine ul2take 
I2He 7 . 40 I2He 8 . 00 
Control SoC Control SoC 
c14_Nicot ine Space 4 . 0 37 + 2 . 141 + 5 . 2 38 + 4 . 10 8  + :t S . E . ( n )  0 . 2 55 (16 ) b . 2 71  (8 ) a 0 . 36 3  (10 ) 0 . 39 2  T8 )  
( liE ) b 6 . 512 3 . 2 87 8 . 554 6 . 6 3 3  
exp o 
( liE ) c 1 . 30 8  
theor . 
1 . 5 37 1 . 185 1 . 45 3  
Excess  Fract i ond 5 . 2 04 1 . 750 7 . 369 5 . 1 80 
( N ) e 0 . 309  0 . 0 84 0 . 640 0 . 266  
a 
S ignificantly less  ( p  < . 0 5 )  than control ( pHe = 7 . 40 ) . 
b 
c 
d 
e 
Calculated from Vni c , Ve , and Vi with equat ion ( 12 ) . 
Calculated from pHi , pHe and pKa with  equation ( 13 ) . 
( liE ) - ( liE ) 
exp o theor . 
Calculated with equation ( 14 ) . 
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100 c'" NICOTINE EFFWX 
5 
k a O.678t O.030 min" 
o 4 8 12 16 20 
F igure 2 0 . 
14 TIME(minutes) 
Efflux of C . -nicot ine from submaxillary gland 
s l i c e s . After they had been re sted for 0Ile hou:r._�.b�.sl i c e s  
were equil ibrated w i t h  C14_n icot ine ( 0 . 01 mM) for forty m inut e s  
and then washed out for twenty minut e s . The broken l ine repre ­
�ent s  the extrapola t i on of the s low component to zero t ime . 
The fas t  component was obta ined by subtract ing the perc entage 
value s on the extrapolated l ine from the corresponding ex­
p e r imental value s . The curves repres ent the means of four 
determ inat i ons . 
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carried through a twenty m inute "washout " . The rate  eon-
s tant was calculated by l inear regre s s i on ( us ing the natura l  
logarithms of  t h e  ord inate values ) f o r  t h e  period 5-20 
- 1  m inut e s  and found to b e  0 . 110 ±. 0 . 00 1  m in • Subtracting 
the extrauolated values of  the slow component at 0 ,  I ,  2 ,  3 ,  
and 4 m inutes  demonstrates  the rapid  decay of the so-called 
fast component w i th a rate cons tant o f  0 . 67 8  ±. 0 . 030  min- I . 
Figure 21  summari zes  the results of  efflux experiments 
( performed at room temperature ) des igned to show that the 
one m inute washout intervals were sufficiently brie f  t o  en-
sure the measurement of unidire ct ional e fflux rates .  De-
creas ing the  washout int erval t o  30 seconds after washout 
was under way had no s i gn i f icant e ffect on the observed rat e 
of washout . 
The effect s of pH on efflux were stud ied in two 'cypes 
of  experiment s and the results  are summarized in figu:re s 2 2  
and 2 3 .  In both figure s , each curve represents the mean of  
four experiment s . In f igure 2 2 , the three curves repre s ent 
the means of four paired sets of  s l ices , three in each set  
from the same animal with  one in each set c onducted at one 
of the three pH value s . In these experiments ( conducted at 
37oC ) , the s l i ces  were both equilibrat ed and washed out at  
one of the  pH values ind icated . The obs erved rat e  C 01'lstant s 
were ( in min-I ) :  pHe 6 . 80 , 0 . 155 ; pHe 7 , 40 , 0 . 110 ; pHe 8 . 00 ,  
0 . 062 ( pooled S . E . , ±. 0 . 002 ) . In f igure 2 3  the s l i c e s  were 
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100 CI4N I COTINE EFFWX 
80 
60 
_30 sec. Washout --
� k- O.077 
� :!: O.OOl minl 
� 40 
� 
� � 
� 
� 
20 
1 0 L���I--�J-��--���� 
4 8 12 16 20 o 
TIME (minutes) 
14 
Figure 21 . Efflux of C -nicot ine from submaxi llary gland 
s l i c e s . The protocol was the same as for f igure 20 except 
that the washout interval was shortened t o  30 sec . for the 
10-20  min . period . The curve repre sents the mean o f  four 
determ inat i ons . 
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1 0 0  C14 N I COT I N E  EFFWX 
30 pHe'S,OO 
� 
� ..... 
� 
� 
� 
� pH.-7.40 
� 
pH.-S.SO 
o 4 8 1 2  1 6  2 0  
Fi gure 22 . 
TI �� (minutes) 
Efflux af C -nicot ine from submaxillary gland 
s l i c e s . The pro�ocol was the same as for f igure 20 except 
that the slices  were equilibrated with the drug and washed 
out at one of three pH values : 8 . 00 ( upper curve ) , 7 . 40 
( center curve ) , 6 . 80 ( lower curve ) . Each curve represents'  
the mean of four determ inat ions . 
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CI4 NICOTINE EFFLUX 
�pH.· 7.40----
20 U-�����--L-��--L-�-J 
o 4 8 12 16 2 0  
TIME (minutes) 
14 
Figure 2 3 .  Efflux of C -n icotine from submaxillary gland 
s l ice s . The protocol was . .  the same as  for figure ·2{) - except 
that pHe was changed during the 10-2 0  m in .  period from 7 . 40 
t o  8 . 00 ( upper curve ) or 6 . 80 ( lower curve ) . Each curve 
repre sent s the mean of four determinat ion s . 
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eq uil ibrated and washed out ( at room t emperature ) at p::J:e 
7 . 40 ,  but after washout had been unde r  way for 10 m inut e s  
pHe was changed t o  e i ther 8 . 00 o r  6 . 80 .  Elevat ion or de -
pre s s ion of pHe brought about a s ign i f i cant decreas e  o r  in­
creas e  ( P < . 05 ) in efflux rat e ,  respect ively . 
Figure 2 4 repre s ents the mean of four experiments in 
wh i ch s l ices  were equi l ibrated with 0 . 0 1 mM C14_n icotine 
and washed out for 2 0  m inut e s  at room t emperature , pHe 7 . 40 .  
For the las t  10 m inute s  o f  washout , � O  mM unlabeled n i c o t ine 
was added to the was hout medium . There was no detectable 
change in efflux rat e  a s  a re sult o f  this procedure . 
Uptake and Efflux of C14_Urea . 
Prel iminary experiment s ( not shown ) on the t imed uptake 
o f  C1
4 
-urea by submaxillary gland s l i c e s  indicated ths.t the 
urea d i s tribut i on achieved s teady- s tate within about 15 
m inut e s . The value s for the C14_urea spaces  ( ml/g ) under 
cond i t i ons of vari ed extracellular pH were (mean ± S . E . , 
n = 4 ) : pHe = 6 . 80 ,  0 . 67 1 ± 0 . 02 1 ; pHe = 7 . 40 , 0 . 669 ± 0 . 00 9 ; 
pHe 8 . 00 ,  0 . 6 87 ± 0 . 012 .  There were no s igni f icant d i ffer­
ences among the s e  value s and the pooled mean (± S . E . ,  n = 1 2 ) 
was 0 . 676  ± 0 . 0 12 .  
The resul t s  o f  the washout s o f  paired s l i c e s  o f  Bub­
maxi llary gland pre incubated at pRe = 7 . 40 with C1
4
_urea 
are shown in figure 2 5 . One o f  the s l i c e s  was washed out in 
60 s econd interval s  for 20 m inut e s , and the other in )0 second 
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1 0 0  C
I4 N ICOTI N E  EFFLUX 
� 
� --...; 6 0  � � 
t-- 1 .0 mM NICOTI N E -, 
� - 0 - N ICOTI N E  \.) 
� 
• 
3 0 � __ � __ � __ � __ � __ � __ � __ � __ � __ � __ J 
0 4 8 1 2  1 6  2:0' 
T I M E ( mi nutes) 
Figure 24 . Efflux o f  C
14_n icot ine from s ubmaxi llary gland 
s l i ce s . The protocol was the same as - fOI' figtire 2 0  except 
that 1 . 0  mM nonradioact ive nicotine was added to the medium 
for the 10-20 m in . period . The curve repre s ent s the mean 
of four determ inat i ons . 
100 
80 
! 
u 
o 
• 
60 0 
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Cl4 U R E A  EFFLUX 
l o
LL������IO�������2
'0 
TIM E ( mi nutes) 
Figure 2 5 . Efflux of C1
4
_urea from submaxillary g land s l i c e s . 
14 Medium concentrat i on of C -urea during uptake was 1 . 0  pM . 
The open c ircl e s  repre sent the mean of four washout s carried 
out with 30 second interval s  for 10 m inut e s , and the s o l i d  
c i rc l e s , four corre spondingly paire d  e xperiments with one 
m inute int erval s  for 20 m inut e s . 
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intervals for 10 m inute s .  Th ere was no s ign ificant d l. ffer­
ence in the slope s of  the l inear port ions o f  the efflux 
curve s .  Th i s  indicated that the one m inut e washout interval s  
w e r e  suf f i c i ent ly bri e f  to measure in i t ial e fflux rate s .  
Figure 26 summari zes  the resul t s  o f  e fflux experimen t s  
w i th C 1
4
_urea in wh ich the s l i c e s  were b o t h  saturated w i t h  
the C14_urea and washed o u t  at one o f  the three pH value s 
ind i cat ed . The fas t  component s for each curve are also de-
p i cted , and were obta ined in the same manner as descrl.bed 
for C1
4
_ salicYl iC acid and C14_nicot ine . There were no 
d i f ferenc e s  not ed in the rat e  of C14_urea efflux at any o f  
t h e  three p H  value s . Each curve repre s ents the mean o f  
four exper iment s .  
Effect of Pilocarpine on Control Parame ters ( Total Water and 
C
1 4
_ Inul in Spac e .  Cat ions . Cell pH . C1 4_Urea ) . 
The re sult s of s tud i e s  des igned to ascertain the effects  
o f  p i locarp ine on  the total  water space o f  submaxillary 
g land s l i c e s  at pRe 6 . 80 , 7 . 40 ,  8 . 00 are summarized in 
table 7 .  There was no s ign i f i cant effect o f  pi locarp �me over 
the range of 10 -6 to 10 - 3M conc entrat ions at any of the 
thre e  pH values . Lower ing the pH to 6 . 80 did, however ,  lower 
the t otal water space t o  a small but s igni f icant ext ent 
(P < . 0 5 ) . 
F igure 2 6 . 
1 00 
80  
60 
6 
4 
2 
1 0  
-80-
c14 UREA E FFLUX 
10 
� ill 
6.80 -
7.40 � 
8.00 tr-6 
20 
T I M E  ( minutes) 
14 
Efflux o f  C -urea fr()!L submax1 l1arY.MI;).JLQ_ sl i c e s . 
The protocol was the same as for the 20 m inut e washout in 
figure 2 5 . exc ept that the s l i c e s  were eq uil ibrated w l.th the 
;radi ocarbon and washed out at one of the three pH value s in-
d i cated . Fast component s  obtained as described previously . 
Each curve repre s en t s  the mean o f  four det erminat i ons . 
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TABLE 7 
Effect of EH and EilocarEine on the total water 
in submaxillar� gland s l i c e s  
pHe Control 
6 . 80 0 . 755:!:.
a , b 
0 . 005 ( 8 )  
7 . 40 0 . 804+ 
0 . 011- ( 8 )  
8 . 00 0 . 7 82:!:. 
0 . 005  ( 8 )  
a 
ml/g :!:. S . E . ( n ) 
b 
10-6 
0 . 7 58:!:. 
0 . 004 ( 4 )  
0 . 792+ 
0 . 0 10- ( 4 )  
0 . 7 89:!:. 
0 . 00 1  ( 4 )  
Pilocarpine ( M ) 
10 -5 10 -4 
0 . 75 8+ 
0 . 007- ( 4 )  
0 . 747+ 
0 . 011-( 4 )  
0 . 799:!:. 0 . 797+ 
0 . 0 11 ( 4 )  0 . 012- ( 4 )  
0 . 794+ 0 . 7 85:!:. 
0 . 001- ( 4 )  0 . 00 5  ( 4 )  
Le s s  than control at pHe 7 . 40 , 8 . 00 (P < . 05 )  
SEf!.ce 
10 - 3 
0 . 74 0+ 
0 . 00 8- ( 4 )  
0 . 80 5:!:. 
0 . 007 ( 4 )  
0 . 7 8 6+ 
0 . 00 )- ( 4 )  
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Table 8 summarizes  the effects o f  the ident ical 
protocol on C14- inul1n distribut ion .  Pilocarpine incr'eased 
t h e  observed extracellular space at pHe = 8 . 00 only ( 10 -5M 
and 10- 3M ,  P < . 0 5 ;  10-4M ,  P < . 01 ) . There was no observed 
e ffect of extracellular pH on the extracellular space . 
Tables 9 and 10 summarize the effects of pilocarp ine 
at pHe = 6 . 80 ,  7 . 40 ,  8 . 00 on the Na+ ( table 9 )  and K+ 
( tabl e 10 ) cont ent o f  paired submaxillary gland s l i ce s . 
Only in the case o f  K+ was a s ignificant effect of pH ob-
served , the K+ content be ing e l evated at pHe = 8 . 00 ( p  ( . 0 1 )  • 
Pilocarp ine con s i s t ently elevated the mean Na+ content and 
depre s s ed the mean K+ content of the s l i c e s  in what appeared 
to be a concentrat i on dependent fashion ( Na+ , pHe = 6 . BO , 
10-4M , P < . 02 5 ;  pHe = 7 . 40 ,  10-� , P < . 02 5 ,  10-3M , 
P < . 0 5 ;  pHe = 8 . 00 ,  10-4M ,  P < . 01 ,  10- 3M ,  P < . 0 5 ,  K+ , 
pHe = 6 . 80 ,  10-
4
M and 10- 3M ,  P < . 05 ;  pHe = 8 . 00 ,  10- :3M ,  
P <: . 0 1 ;  stat i s t i cal compari sons based on the means o f  paired 
d i f fe rences ) • 
Experiments were c onducted according t o  this  same 
protocol to asc erta in the e ffect s of p i l ocarp ine on c e l l  pH 
( VDMO ) and the results are given in table 11 . 
14 The C •. DMO 
space was e levated in a dose dependent fashion ( indicat ing 
a rise  in cell pH ) at pHe = 7 . 40 and 8 . 00 but not at 6 . 80 
( pHe = 7 . 40 ,  10- 5M and 10- 3M ,  P < . 0 1 ,  10-4M ,  P < . 0 5 ;  
-4 - 3 ) pHe = 8 . 00 , 10 M , P < . 0 1 ,  10 M ,  P < . 0 5  • 
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TABLE 8 
Effect o f  pH and pilocarpine on the C14_ inul in space in 
submaxillary gland slices  
pHe ·Control P ilocarpine ( M )  
10-6 10- 5 10 -4 1:)- ) 
6 . 80 0 . 166+ 0 . 189+ 0 . 140+ 0 . 17 5+ 0 . 1 57+ 
0 . 01l- ( 8 )a 0 . 0 14- ( 4 )  0 . 004- ( 4 )  0 . 0 ) 6- ( 4 )  0 . 0 1 )- ( 4 )  
7 . 40 0 . 170+ 0 . 2 17+ 0 . 247+ 0 . 1 8 8+ 0 . 2 ,)4+ 
0 . 00 8- ( 8 )  0 . 0 )7- ( 4 )  0 . 0) )-( 4 )  0 . 017- ( 4 )  0 . 0 ,� 5- ( 4 )  
8 . 00 0 . 159± 0 . 2 24+ 0 . 27 9+ � 0 . )0 )+ c 0 . 2 ·!j.9+ 
0 . 01)  ( 8 )  0 . 0 )6-( 4 )  0 . 0)1- ( 4  0 . 055- ( 4 )  0 . 0 .!j.0- ( 4 )
b 
a 
ml/g ± S . E .  ( n )  
b 
P < . 05 
c 
P < . 01 
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'l'ABLE 9 
+ Effect of pH and pilocarpine on Na content of 
sUbmaxi llary gland s l i c e s  
p H  Control Pilocarpine ( M ) 
a 
mEq/kg wet we ight ± S . E .  ( n  6 )  
b 
P < . 05 
c 
P < . 025  
d 
P I... . 01 
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'tABLE 10  
Effect of �H and �ilocarEine on K+ content of submaxillary 
sland slices 
pH , Control Pilocarpine (M ) 
lO-6 10-5  
6 . BO 55 . 2±2 . 2a 52 . 2±2 . 4 52 . 0±3 . 6  
7 . 40 51 . 3±2 . 0  52 . 0±3 . 5 50 . 0±3 . 0  
B . OO 65 . 5±3 . 2 b 6o . B±3 . 6  5B . 9±3 . 6  
a 
mEq/kg wet we ight ± S . E .  (n  6 )  
b 
10-4 
4B . 5±2 . 2c 
46 . o±3 . 6  
59 . 4±4 . 0  
10- 3  
50 . 5:1:1 . BC 
49 . 4±4 . l  
53 . 9�:1 . 5d 
greater than control 8.t pH 7 . 40 and 6 . BO ( p  < . 0 1 )  
c 
p < . 05 
d 
P < . 01 
- 86-
T-ABLE 1 1  
Effect of pilocarp 1ne at pHe = 6 . 80 .  7 . 40 .  8 . 00 on the 
C14_DMO space 1n submax1 11ary gland s 1 1c e s  
pHe Control P1locarp 1ne ( M )  
6 . 80 1 . 119+ a 1 . 170+ 1 . 207±. 1 . 2 )8±. 1 . 065±. 
0 . 079- ( 12 ) 0 . 0 9 8-( 6 )  0 . 11 6  ( 6 )  0 . 148 ( 6 )  0 . 0 92 ( 6 )  
7 . 40 0 . 714±. 0 • 842+ o .  862±. c O .  811±. b 0 . 896+ 
0 . 02 5  ( 8 )  0 . 0 )6-( 4 ) 0 . 019  ( 4 )  0 . 02 5  ( 4 )  0 . O J7- ( 4 f 
8 . 00 0 . )6 1±. 0 . )52±. 0 . 406+ 0 . 440+ 0 . 4)0+ 
0 . 020 ( 1 1 )  0 . 0 11  ( 6 )  0 . 01 )- ( 6 )  0 . 0 1 9- ( 6 f 0 . 0 17-( 5 ) b 
a 
ml/g ±. S . E .  ( n )  
b 
P < . 0 5 
c 
P <. . 01 
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Figure 27 S'UII1IIlari zes the results  o f  experiments c.e s igned 
to determ ine th e  effects of p ilocarpine on the efflux of 
C14_DMO from submaxillary gland s l i ce s . The efflux o f  
c14_DMO i s  q u i t e  rap id , within 20  m inute s  d o e s  not bec ome 
exponential with t ime , and is thus not read ily resolved into 
l inear compartments . The open c ircles indicate the means 
from four experiments whereby s l i c e s  o f  t i s sue were equi l i­
brated with C14_DMO , washed out for 10 m inute s  in KRT at 
pHe = 7 . 40 , and then washed out for 10 m inute s  in KRT con­
taining 10- 3M p i locarpine . The closed c ircles indicat e the 
means from four experiments in wh ich the s l ices  were t reated 
in an ident ical fashion exc ept that the addit ion of p i lo-
carp ine at 1 = 10 m inut es was omi tted . The curves are 
s im i lar , and no e ffect on the efflux of C14_DMO can be 
attributed to p ilocarpine . 
Figure 2 8  summari zes  an iden t i ca l  study on the effec t s  
o f  pi locarpine o n  permeabil ity t o  C14_urea . No effect o f  
1 4  
p i locarp ine o n  C -urea efflux was noted . 
Effect o f  Pilocarpine on Drug Movements in Sal ivary Gland 
S l i ce s . 
Table 12 summari zes  the e ffects seen when the C14_ sali_ 
cylic acid space i s  determ ined in the presenc e of various 
concentrations o f  p ilocarp ine of pHe = 7 . 40 and 6 . 80 .  
Pi locarpine s igni f icantly elevated the C14_ sa l i cy l i c  anid 
� 
z: 
� 
� 
lU 
Q: 
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Figure 27 . Efflux of C14 -DMO from submaxn1a_ry _ _ ���I:l:� s l i ce s . 
14 The slices  were equil ibrated with C _DMO and washed out for 
twenty minut e s . The pH for both uptake and efflux was 7 . 4 .  
�he open c ircles  represent the means from four experiment s 
in wh ich 10- 3M p ilocarpine was added to the media for the 
las t  ten minutes  o f  washout . Control experiment s ( so l id 
c ircle s , mean of four ) were treat ed ident ically exc ept that 
no pilocarpine waS added . 
.. 
U 
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Figure 2 8 .  Efflux of C14_urea from submaxill.a.!;¥: _ _  gl,and 
slices  ( pRe = 7 . 40 ) . The protocol was the same as tb.at 
14 used for C -DMO in figure 27 . Means of four determinations . 
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TABLE 12 
Effect of pilocarpine at pHe = 7.40 .  6 . 80 on the 
C14_sa1icY1iC acid space in submaxillary gland slices 
pHe Control 
7 . 40 1 . 422+ 
0 . 050-( S r  
6 . S0 2 . )10± 
0 . 126 ( 11 )  
a 
m1/g ± S . E .  ( n )  
b 
p .( . 05 
c 
p <. . 01 
10-6 
1 . 566+ 
0 . 119-(4 )  
P110carpine (M ) 
10-5 
1 . 669± 
0 . 167 ( 4 )  
10-4 10-) 
1 . 801+ 1 . 81)+ 
- (4 ) c 0 . 029-( 4 ) C 0 . 142 
2 . 750+ ) . 014+ 2 . 797+ 2 . 7)7+ 
0 . 115-( 6 ) b 0 . 127- ( 6 ) CO . 112-( 5 ) b 0 . 2 ))-( 6 ) b 
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at both pH values ( pHe = 7 . 40 , 10-
4M and 10- 3M ,  P < . 0 1 ;  
6 8 -6 -4 10- 3M ,  P -
5 
) pHe = • 0 ,  10 M ,  10 M and < . 05 ,  10 M ,  P ( . 0 1  • 
Pi locarpine , however ,  had no effect on the e fflux of c14_ 
sal i cylic  acid from sal ivary t i s sue as s e en in figure 2 9 . 
Here , slices  were equil ibrated with C14_sal icyliC acid , 
washed out for 10 m inut e s  in KRT , pHe = 7 . 40 and then for 
1 0  m inutes  in KRT containing 10- 3M p ilocarp ine . The curve 
repre sents the mean of  four e xperiments . 
The e ffec t s  of p ilocarpine on the steady- state d i s ­
t ribut i on of C14_nicot ine a r e  summarized in table 13 . 
Pilocarpine lowered the obs erved C14_drug space s ign i f i cant ly 
at both pH values ,  7 . 40 and 8 . 00 ,  in an apparent dos e  de-
-4 - 3 pendent manner ( pHe = 7 . 40 ,  10 M and 1 0  M ,  P <. . 0 5 ;  
pHe = 8 . 00 ,  10- 5M and 10-4M ,  P < . 0 5 ,  10 - 3M ,  P < . 0 1 ) . 
Furthermore , pilocarp ine s ign i f icantly increased the rate 
14 
of efflux of C -n icot ine at pHe = 7 . 40 ( figure 30 )  but not 
at pHe = 8 . 00 ( figure 31 ) . The protocol for figures 30 and 
14 31  was the same as  for figure 29 except C -nicot ine was used 
and f igure 31 repre sents experiments conduc t ed at pRe = 8 . 00 ,  
Each curve represents the mean of four experiments .  
Finally , e f f lux experiment s were conduc t ed t o  ascertain 
the effects of  p i locarpine on efflux following pretreatment . 
One of  a pair of submaxillary gland s l i c e s  was allowed t o  
14 
accumulate C -nicotine and washed out as before . The other 
1 00 
8 0  
6 0  
20 * 
1 0  
8 
-92-
CI4SAL I CYL I C AC I D  EFFLUX 
� 103 M P I LOCAR P I N E ---+ 
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F1gure 29 . 14 Efflux of C - sa! 1cy! 1 c  ac1d from submax1 llary 
gland s1 1 c e s  ( pHe = 7 . 40 ,  mean of four ) . The protocol was . -
14 
- - - -- -- . - -
the same as that used for C -DMO 1n f 1gure 27 , e xcept t hat 
the ' O -lO m 1nute per10d served as  the control . 
pHe 
7 . 40 
8 . 00 
a 
-9 3-
TABLE 1 3  
Effect o f  pilocarpine at pHe = 7 . 40 .  8 . 00 on the 
14 C -n i cot ine space in submaxillary gland s l i c e s  
Control 
10-6 
4 . 06 7+ 4 . 190+ 
0 . 338T16 ) a 0 . 6 5ZT4 )  
11 . 004+ 
0 . 88 8T12 ) 
11 . 385+ 
1 . 2 69Tz ) 
Pi locarpine !M l 
10-5 10-4 
3 . 0 30+ 
0 . 50 zT4 ) 
2 . 70 3+ 
0 . OZOT4 ) b 
8 . 2 6 1+ 8 . 2 8Z+ 
o . z lzTz ) b 1 . 159T7 ) b 
10 - 3 
2 . 406+ 
0 . 2 04T4 ) b 
6 . 30 2+ 
0 . 69 3Tz ) C 
m l/g ± S . E .  ( n ) 
b 
P < . 0 5 
c 
p <. . 0 1 
1 00 
80 
60 
10 
8 
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Figure 30 .  14 Efflux of C -n i c ot ine from submaxillary gland 
s l i c e s  ( pRe = 7 . 40 ) . The protocol was the sameas-that 
14 used for C - sal i cyl i c  acid in f igure 2 9 . The curve 
repre s ent s the mean of four determ inat i on s . 
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Figure 31 . 
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CI4N I COT I NE EFFLUX 
� IO- 3M PllOCARPINE � 
10 20 
TI M E  ( m i nutes ) 
14 Efflux 9f C -nicotine from submaxillary gland 
s l i ce s .  The protocol was the same as for figure 30 , except 
that uptake and efflux were carried out at pHe _ _  ;:;._a.O.o� 
Mean of four determinations . 
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s l ice was treated in an ident i cal manner except that 10 - 3M 
p i locarp ine was included in the incubat i on media during 
uptake and efflux . As is apparent from f igure 32 there 
14 wa s no effect of th i s  procedure on the rate of C -n i cot ine 
e fflux . The curves repre s ent the means o f  four paired 
exper iment s . 
Effects of Atropine and Pent obarbital on the Re sponse� 
t o  P i locarpine . 
Pa ired data obta ined to asc ertain the effect s of  
p ilocarp ine , pentobarbita l ,  atrop ine or comb inat ions thereof 
on the C14_DMO , C14_nicot ine and C14_saliCylic  acid space s  
( pHe = 7 . 40 )  are summari z ed i n  table 14 . Pentobarbital 
s igni f icantly lowered the C14_DMO space ( p  < . 01 )  but d i d  
n o t  s ignificant ly a ffect the C14_ salicyliC a c id space or 
the C14_nicotine spac e . Both atrop ine and pentobarbital 
14 14 blocked the effects o f  p i locarp ine on the C -DMO and C -
sal icyl ic acid spaces ,  but had no effect on the depre s s ion 
o f  the C14_ni cot ine space by p ilocarp ine . The concentrat ions 
o f  p i locarp ine , p entobarb i tal , and atrop ine were 10-3M 
in a l l  cas e s . 
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Figure 32 .  14 Efflux o f. C -nJ.cot ine from suQlI1axl1�_.$land 
s l i ce s .  The protocol was the same a s  for other washout s 
carried out at pHe = 7 . 40 ,  except that the curve indicated 
by the open c ircles  repre sent s experiments in which 10- 3M 
p i l ocarpine was inc luded in the incubation medium during 
uptake and e fflux . Each curve repre s ents the mean of four 
�xperiments . 
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TABLE 14 
Effect of pentobarbital and atropine on the 
pi locarpine - influenced c e l l  pH and drug spaces 
in submaxillary gland s l i c e s  (pHe - 7 . 40 )  
C14_DMO c14_N i cot ine C14 -Sal icy l i c  
Control 0 . 7 14 + 4 . 066 + 1 . 422+ 
0 . 02 6  T4 ) b 0 . 314 T4 ) 0 . 122- ( 4 )  
P i locarpine a 0 . 835  + 3 . 02 9  + 1 . 567 + 
0 . 06 3  T4 ) c 0 . 32 5  T4 ) d 0 . 07 5  T4 ) c 
Pentobarbitala 0 . 596  + 
0 . 02 6  T4 ) e 
3 . 602  + 
0 . 32 8  T4 ) 
1 . 304 + 
0 . 060 T4 ) 
P i locarpine a 0 . 72 1  + 3 . 215  + 1 . 2 32 + 
+ Atrop inea 0 . 02 3  T4 ) 0 . 19 8  T4 ) e 0 . 100 T4 ) 
Pi locarp inea + 0 . 7 3 9  + 3 . 17 6  + 1 . 422 + 
Pentobarbitala 0 . 015  T4 ) 0 . 0 9 6  T4 ) d 0 . 124 T4 ) 
a 
Medium concentra t i on ,  10- 3M 
b 
Ac id 
ml/g � S . E .  ( n ) . Pa i red data , norma l i zed by proport ion to 
control values from larger sampl e s . 
c 
P < . 0 5 
d 
P < . 02 5  
e 
p I... . 0 1  
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Effects of Cyan ide on the Resnon s e s  t o  Pi locarpine 
and Pentobarb ital . 
Table 15 summari z e s  data from pa ired experiments 
de s igned to t e s t  the effects of respiratory blockage by 
cyan ide on the re spon s e s  of the c e l l  pH and drug space s  t o  
p i locarpine and pentobarb i tal . Cyani de ( 10 -5M )  blocked t h e  
e l evat i on of cell  p H  b y  p i l ocarpine , but did  not block the 
a c i d i fy ing effect o f  pentobarbital . The c14_DMO space was 
s t i ll s igni f i cantly decreased by 10 - 3M pentobarbi tal in the 
pre sence of 10- 5M cyanide (P < . 0 1 ) , but 10- 3M p ilocarpine 
had no s i gn i f i cant effect on the c1 4_DMO space under the 
same condit ions . Cyanide ( 10-5M )  also appeared to block 
the e ffects  of p i locarp ine on the C14_n icot ine and c14_ 
sal i cy l ic ac id spac e s . Thus , in the pre sence of 10- 5M 
cyan ide , 10 -3M p i locarp ine had no s igni f i cant e ffect on 
14 the C -drug space s . 
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TABLE 15 
Effect of cyanide ( 10 -5M )  on the 
pi 1ocarpine- and pentobarb ital- influenced 
cell pR and drug spaces in 
submaxillary gland s l i c e s  (pRe 7 . 40 )  
Control 0 . 7 14 + 4 . 066  + 
0 . 0 2 6  T4 ) a 0 . 314 T4 ) 
P i locarp ine 0 . 8 35 + 
0 . 0 6 3  T4 ) b 
3 . 02 9  + 
0 . 32 5 T4 ) C  
Pentobarbital 0 . 596 + 3 . 602  + 
0 . 0 2 6  T4 ) d 0 . 32 8  T4 ) 
P i locarp ine 0 . 7 5 8  + 3 . 746 + 
+ Cyanide 0 . 0 6 3  T4 )  0 . 332 T4 ) 
Pent obarb i tal 0 . 5 86 + 3 . 914 + 
+ Cyanide 0 . 0 31 T4 ) d 0 . 148 T4 ) 
a 
1 . 422 + 
0 . 12 2  T4 ) 
1 . 567 + 
0 . 07 5  T4 ) b 
1 . 304 + 
0 . 060 T4 ) 
1 . 415  + 
0 . 041 T4 ) 
1 . 494 + 
0 . 0 57 T4 ) 
ml/g � S . E .  ( n ) . Pa ired data , normal i zed by proport ion to 
control value s from larger samples 
b 
P < . 0 5  
c 
P < . 02 5  
d 
P < . 01 
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DISCUSSION 
De terminat ions o f  re spiratory stabil ity , sodium and 
ootas s ium content and wat er fra c t ion of the preparat ion at 
vari ous t imes of incubat i on were unde rtaken to ascerta in 
the most appropriate period o f  inc ubation for drug flux 
stud i e s . It wa s also deemed nece s sary to a s s e s s  the phy s i o ­
log i c  cond i t i on of the preparat ion , s ince a solut i on was to 
be used wh ich had not previously been evaluated (KHT ) . 
E s s ent ially , the KHT was formulat ed from the more standard 
so lut ion , Krebs-Hinger-bicarbonat e ,  except that an equi­
molar q uant ity o f  t r i s  was sub s t i tuted for the bicarbonat e  
buffer ,  and t h e  g a s  phase  was changed t o  100% 02 ' The 
solut ion was found to  be the most s table of those tested 
w i th respect to pH over prolonged periods . It should be 
appre c iated that in a study of the nature pre sented here , 
re lat ively smal l  change s  in the pH of an incubat ion solut i on 
can greatly enhance the variab i l i ty of results and render 
q uant itat i on impo s s ible . 
The Na+ , K+ and total water curves and respiratory data 
( f igure s 2 - 5 )  sugg e s t ed that the 60 - to 120 -m inut e period 
m ight be the mos t  de s irable period for study ing drug fluxe s 
s ince net ion and water f lux appeared to be at a m inimum 
with in this  int e rva l . The gain of Na+ and l o s s  of K+ 
( f igure 3 )  have been report ed by others ( Schneyer and 
Schneyer ,  1962 , 1 96 3 )  and appear to be unavo idable . The 
intracellular concentrat i ons of the cat i ons may be e s t imated 
- 10 2 -
with the following equat i on :  
(x) i ex ) t - Ve (xl e 
Vi 
where (Xl i = intrace llular conc entrat ion of X ( Na+ or K+ ) 
in m i l l i equivalent s per l iter , [x J t = t i s sue conc entra t i on 
of X in m i l l 1 eq uivalent s per k i logram (wet we ight ) ,  [xl e 
e xtracellular concentration o f  X in m i l l i equivalent s ' pe r  
l iter , V e  = extracellular space in m i l l i l iters p e r  gram , 
and Vi = intracellular space in m i l l i l i t e rs per gram . The 
init ial values obta ined ( prior to incuba t i on )  were : Na+ , 
+ 
2 7 . 5  mEq/l ; K , 140 mEq/l . At 60 m inut e s  the value s were 
Na+ , 75 . ; ;  K+ , 9; . 4 .  I t  should be real i zed that these 
value s s t i l l  repre s ent s i zeable gradi ents  of Na+ and K+ , 
Na+ be ing about twice as great out s ide than in and K+ about 
20 t imes as great ins ide than out . Other inve st igators 
( Schneyer and Schney e r ,  1962 )  have shown that the s e  grad i ents 
are s ign i f i cant ly further reduc ed by anaerobic incuba t i on ;  
and i f  aerobic incubat i on i s  re instated , the gradi ent s w i l l  
then recover . I t  i s  therefore suggested that the act ive 
t ransport of the ions c ont inue s with the pas s ive leak flux 
great ly increased in the in vitro s i tuat i on .  The re spiratory 
data ( f igures 4 and 5 ) lend support to t h i s  hypoth e s i s  
s ince n o  decrea s e  in t i s sue re spirat ion was observed i n  the 
in i t ial 2 hours and 15 m inute s  of incubat i on . 
The init ial value of 44 . 8  ± 7 . 5  mEq /kg for Na+ i s  in 
reasonable agreement with that reported by Schneyer and 
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Schneyer ( 1962 ) of  38. 7  ± 0 . 8 mEg/kg . They also reported 
a 20-minute value of 68. 7 ± 1 . 3  mEg/kg wh ich approximates  
the  30-m inute value obtained here of 68. 4 ± 2 . 6  mEg /kg . 
With respect to K+ , Schneyer and Schneyer ( 1962 ) report an 
in it ial value of 104 . 0  ± 1 . 0  mEq/kg , cons iderably h igher than 
the value of 83 . 5  ± 2 . 0  mEg /kg obtained here . The ir ( Schneyer 
and Schneyer, 1962 ) 20-minute value of  86 . 6  ± 1 . 5 mEg /kg i s  
also somewhat higher than the 30-minute value of 60 . 7  ± 
2 . 8  mEg/kg found here . Siegel ( 1969 ) , however ,  reported ( in 
+ the dog ) initial and 30-minute K levels of 304 ± 40 . 3  and 
306 ± 45 . 7  mEg/kg d . wt . , respectively . With his  ( Siege l ,  
1969 ) respect ive 0- and 30-minute water fract ion value s o f  
0 . 777 ± 0 . 122 and 0 . 815 ± 0 . 108 ml/g , the corresponding wet 
we ight concentrat ions are calculated to .  be 69 . 8  and 56 . 6  
mEq /kg for 0 and 30 minutes , re spect ively , somewhat lower 
than those obtained here . 
Siegel ( 1969 ) used Krebs-Ringer-phosphate buffer as  an 
incubat ion medium and found an init ial water space of 0 . 777 
± 0 . 122  ml/g which rose to 0 . 828 ± 0 . 128 ml/g in two hours . 
It can be seen that the increase in t issue water was markedly 
less  in the KRT solut ion used here ( init ial , 0 . 7 80 ± 0 . 002 
ml/g ; two hours , 0 . 795 ± 0 . 005 ml/g ) . These difference s  in 
the two-hour spaces cannot be attributed to techniques of 
blott ing before weigh ing s ince the init ial values are almost 
ident ical . Schneyer and Schneyer ( 1962 ) reported an initial 
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wat er space of 0 . 7 )8 � 0 . 002 ml!g , and such a difference 
might well be attributed to d i fferenc e s  in blott ing 
t e c hn ique .  
To re it erate , the period 60 t o  120 m inut e s  was chosen 
a s  the opt imum period for drug flux stud i e s  s ince cat i on and 
water fluxe s appeared to be m in imal at th i s  t ime . Therefore ,  
in all subsequent exper iment s ,  after re s t ing for one hour , 
t i s sue holders we re transferred to a vial contain ing t he 
des ired C14_compound under the de s i red c ond i t i ons o f  in-
cubat ion and t h i s  t ime was subsequent ly re ferred to a s  
t = 0 minutes .  
The Preparat ion : The Extracellular Space . 
Inul in ( or C14_ inul in ) has be en prev i ously used t o  
e s t imate t h e  extrace llular space i n  submax i llary gland in v ivo 
( Sc hneyer and Schneyer ,  1960 ; Cho � al . ,  1969 ) and in vi tro 
( Schneyer and Schneyer , 1962 , 196 ) ;  S i ege l , 1969 ) . In s ome 
t i s sues , however ,  the e s t imated s i z e  o f  the  ext race l lular 
compartment has varied when two or more suppo sedly impermeable 
substance s were employed ( Goodford and Hermansen ,  196 1 ; Page , 
1962 ; Barr and Malvin , 1965 ) . It s e emed rel evant , there fore , 
to evaluate the abi l i ty of four carbohydrates  of various 
molecular we ights  to  e s t imate the extracellular compartment . 
S ince C14_ inul in (m . w .  = 5000 -5500 ) measured the same space 
as c14_ sucros e  ( m . w .  = )42 . ) ) and C14_mann i t o 1  ( m . w .  = 1 82 . 2 )  
14 ( f igure 6 ) , it  is conc luded that the C - inul in space does 
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measure a relat ively homogeneous extracellular compartment . 
Th i s  conclusion is further supported by efflux data ( figure 
7 )  which demonstrated that the greater fraction of the inulin 
( 71% ) was washed out by a rapid , first-order process (k = 
0 . 142 i 0 . 002 min-I ) .  The slower apparent rate of washout 
for C14_ inulin compared to the fast component for C14_ sali­
cylic acid (k = ca . 0 . 6  min-I ) i s  probably a steric phenomenon 
relat ing to the relative rates of diffus ion out of the smaller 
interstitial compartments .  
14 
The large apparent space occupied by C -mannose can 
probably be ascribed to an abil ity to permeate the cell 
interior. Occupation of a larger extracellular compartment 
seems unlikely since mannose and mannitol have almost ident ical 
molecular weights ( 180 . 2  and 182 . 2  respect ively ) . 
The value obtained from 12 determinations of the 60-
14 m inute C - inulin space was 0 . 208  i 0 . 005  ml/g . For com-
parat ive purposes , Schneyer and Schneyer ( 1962 ) report a 
20-minute value of 0 . 219 ml!g , in reasonable agreement with 
the value obtained here . 
The Preparation I The Intracellular pH . 
In at least one previous report ( Cho et �. , 1969 ) , the 
14 
C -DMO space was measured in rat submaxillary gland 1n vivo . 
The results � 9�minute in X1I2 C14_inulin and C14_DMO 
spaces were 0 . 21 i 0 . 025 ml/g and 0 . 54 i 0 . 04 ml/g , respec­
t ively , and the total water space was found to be 0 . 75 i 0 . 005 
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rnl/g ( Cho et al . ,  1969 ) . These  values yield an intracellular 
uH value of 7 . 17 ,  somewhat lower than the value obtained here 
o f  7 . 24 . The difference is  not surprising , however ,  s ince 
the gradually decaying Na+ and K+ gradients suggest that 
the hydrogen ion gradient might also be down to some extent . 
Cho � !l. ( 1969 ) also reported 90-minute in vitro c14_DMO 
14 spaces , although the in v itro total water space and C -
inul in space were not determined . The ir  value was 0 . 72  
( range 0 . 67 - 0 . 77 ) ml/g at pHe = 7 . )  which is  somewhat 
larger than the value reported here of 0 . 62 1 ± 0 . 014 ml/g 
at pHe = 7 . 40 .  This  same report ( Cho � !l . , 1969 )  cited 
a failure of submaxillary gland homogenates to bind c14_DMO , 
thus further substant iat ing its validity as an index of pHi 
in this t i s sue . Furthermore , Waddell and Bates ( 1969 ) have 
stated that if the ioni zed spec ies of DMO ( or any weak organ­
ic electrolyte ) were to permeate the cell membrane to any 
extent , equilibrium would only be established when pHi = 
pEe , and DMO ins ide = DMO out s ide . The explanation for such 
a phenomenon is as  follows (Waddell and Bates , 1969 ) . In 
the case of a weak ac id , cons ider the condition when the un­
ion i zed spec i e s  ( HA )  has establ ished a 1 : 1  d i stribut ion across  
the  cell  membrane . If the ins ide of the cell is  acidic rela­
t ive to the outs ide , then equat ion ( 6 )  predicts that the 
ion i zed species  (A- ) will be present in lower concentrat ion 
on the ins ide than on the outs ide ( i . e . , (A- ) i <' (A- ) o J • 
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I f  the membrane i s  permeable to A- , then th i s  species will  
flow down its electrochemical gradient ( out to in ) . The 
increase in intracellular (A- )  will correspondingly increase  
intracellular ( HA ) , which will  thus flow down its concen­
trat ion gradient from the ins ide to the outs ide . The net 
proce s s  will be the continuous diffus ion of the anion into 
the cell , and the continuous diffus ion of the protonated 
spec ies  out of the cell . It  should be apparent that such a 
system can come to steady-state only when both forms of the 
acid , and thus also hydrogen ion , are present in equal con­
centrations ins ide and outs ide of the cell ( s imilar argument 
for weak bases will show that if the membrane is  permeable 
to the cat ionic spec i es , such a system can also reach steady­
state only when pHi = pHe ) . As is evident from figure 8 ,  
this  was not found t o  b e  the case . The intracellular pH 
values indicate that intracellular buffering in the sub­
maxillary cells is fairly weak , at least in the !n vitro 
condition .  
Transport o f  Salicylic Acid . 
Since the addition of 2 . 0 mM salicylic acid to the in­
cubat ion medium e ffected no change in the observed pHi 
( table 3 ) ,  it  is inferred that the submaxillary cells are 
permeable to one form of salicylic acid only ( Waddell and 
Bates , 1969 ) . However , in the case  of sal icylic acid , a 
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non-spec i f i c  Dermeab i l i ty t o  b o t h  i on i zed and un- ion i z e d  
drug might n o t  lead to  a decay in the  hydrogen ion grad i ent . 
If th e gland c e l l s  were permeable t o  both forms by a pore ­
permeat ion type o f  mechan i sm , then i t  would b e  nec e ssary t o  
c on s i de r  only the ani on a s  the transported spec i e s  s ince 
s a l i cy l i c  acid  w i th a pKa o f  J . O  is great er than 9 9 . 9% 
i on i zed at all  pH value s greater than 6 . 0 .  In fact , permea­
t i on by the an i on is rather s t rongly sugg e s t ed s ince e fflux 
rat e  was not found t o  be pH dependent ( figure 15 ) . 
It i s  therefore suggested that the s teady-state d i s ­
tr ibut i on o f  free sal i cylat e an ion acro s s  t h e  c e l l  membrane 
w i l l  be �ove rned by a Donnan eq u i l ibrium . I f no spec i a l i zed 
transport proc e s s e s  e x i s t , the d i stri but i on may be calcu­
lated with  eq ua t i on ( 8 ) . Schneyer and Schneyer ( 196 5a ) 
report a value of -2 8  mV ( ins ide m inus out s ide ) for the mean 
pot ent ial in rat submaxillary gland in vivo . Us ing th i s  
value , the theore t ical intracel lular/extracellular concen­
tra t i on rat i o  ( I/E ) would be 0 . J4 . The observed I/E va lue 
at pHe = 7 . 4 ,  J7°C calculated from the space g iven in table 4 
w i t h  equa t i on ( 12 )  i s  1 . 51 at 2 . 0 mM sal i cy l i c  ac id and 2 . 44 
at 0 . 0 2  mM c oncentrat ion . 
One p o s s ible explana t i on for the d ivergence o f  theoret­
i c a l  and obs erved value s i s  the occurrence o f  act ive trans­
Dort . Th i s  p o s s ibi l i ty i s  effect ively ruled out  by  t h e  
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fa i lure o f  10 -SM CN - or SoC to reduce t h e  obs erved CI4_ s a l i _ 
cyl ic  acid  SDace ( table 4 ) . The increa s e  in the  obse rved 
d rug space s e en when the extrac e l lular concentrat ion is re-
duced 100-fold ( table 4) could sugg e s t  a saturabl e bind ing 
s i t e . e ither  at the membrane or in the c e l l  interior . 
M e tabol i sm o f  sal i c y l i c  a c i d  by sal ivary gland t i s sue has 
be en previously s hown to  occur to an extent insuffic ient t o  
a f f e c t  the  apparent d i s tribut i on o f  t h e  compound ( Borze lleca 
and Putney , 1970b ) . 
'rhe e fflux rat e  obta ined after equ i l ibration with  2 . 0  
mJ'l C14_ sal i cy l i c  a c i d  ( figure 1 1 )  was found to  be great e r  
t han that w i t h  0 . 02 mM C14_ s a l i C y l i C  a c i d  ( figure 14 ) to a 
smal l  but s igni f i cant extent . Th i s  i s  in keep ing wi t h  the 
concent of  a saturable bound fract ion , s ince  at 0 . 02 mM the  
bound fract ion should be grea t e r  t han at 2 . 0  mM ( table 4 ) . 
and t h e  fract ion o f  the t otal rad ioact iv i ty ava i lable for 
d i ffus i on would be l e s s . 
It wa s ant i c ipated that i f  the exc e s s  fract i on d id 
reDre s ent a bound fract i on then the  add i t i on of an exc e s s  
o f  unlabe led sal icyl i c  a c i d  during e f flux s hould show a n  
increas e  in the  apparent rat e  due t o  the  d isplacement o f  
C 14_sal icyl i c  a c i d  from b inding s it e s . Figure 17 repre s ent s 
t h e  average o f  four such experimen t s  in wh i ch s l i c e s  were 
14 eq u i l ibrated with 0 . 0 2  mM C - sa l icyl i c  acid , washed out 
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for 10  m inute s  in KRT conta in ing no  sal icyl ic  acid  ( a s  in 
all prev i ous experiment s )  and for the las t  10 m inutes  washed 
out in K RT contain ing 2 . 0  mM nonradioact ive salicyl ic  ac id . 
The Do s s ibility of  enhanc inl>; a oroce s s  of  exchange d iffus ion 
may be ruled out s ince thi s  would predict  an immed iate in­
creas e  in rate which would grad ually return to the in i t ia l  
rate . Membrane s i t e s  may a l s o  b e  ruled out s ince We i s s  
( 1968a ) has shown that such s it e s  behave k inetically very 
s im i larly to exchange d iffus ion . Here ( f igure 17 )  it appears 
as  though the " cold"  drug must permeate the cell in order to 
di solace the bound C14 • As expected , the bound C14_sal icylic  
acid  i s  gradually d i solaced . y ield ing a gradual decreas e  in  
the  bound C14_fract ion ,  wh i ch i s  mani fested by a gradual 
increase  in the radiocarbon efflux rat e . 
The pH deoendence of the  s teady-state levels  in table 4 
i s  diff icult to interoret . It may be t hat the int racellular 
b ind ing of  salicylic  ac id  is pH dependent . The concentra t ion 
of un- ion i zed drug may be a determinant for degree of bind ing , 
or the concentrat ion of  binding s it e s  may be increased by 
acid  pH . If  the ionized form o f  salicylic  acid i s  bound , the  
s i te may contain a pos i t ively charged group , the  number of  
which  might be  increased by ion i zat ion in  ac id pH . Of course , 
the idea that binding i s  oH dependent at all i s  open to  
q uest ion s ince we have no informat ion concern ing the  response 
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of  the  membrane potent ial t o  chan�es in pH . The effects  of  
pH on Na+ , and K+ however ,  suggest  that the effect may be 
small . 
But if  the extent of bind ing is  pH dependent , why then 
do the efflux curves ( f igure 1 5 )  not respond to change s  in 
pH? One pos s ible answer is that the pH dependent component 
of uptake is superficial  and thus "washes  out " with the fast 
component . The suggest ion would then have to be made that 
there are two binding s ites , one superfi c ial  and pH dependent 
and one intracellular and not affected by pH . It is not un­
reasonable to assume that some of the bound drug is not 
bound to the saturable s ite , s ince at h igh salicylate con­
cent rat ion ( 2 . 0  mM ) the observed space is st ill  considerably 
h igher than antic ipated from the membrane potent ial . Th i s  
d i f fe rence m ight represent drug bound to  t h e  superfic ial 
pH dependent site . 
Transport of Nicotine . 
The theore t i cal steady-state concent ration ratios  for 
nicot ine ( a  dipro t i c  base ) across  a l ipo idal interphase 
separat ing two aqueous compartments ( I  and E)  of  differing 
pH is g iven by equation ( 1 3 ) . The equat ion is derived in 
the same manner as  that of  Jacobs ( 1 940 ) , and is based on 
the assumpt ion that ( 1 )  the un- ion ized , mono- and diprotic  
forms of  the  base  are in equil ibrium on  both s ides  of  the 
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membrane , and ( 2 )  the membrane i s  permeable to  only the 
un- i oni zed form of  the drug and this  spec i e s  will be pres ent 
in eq ual concentrat ions on both s ides  of  the membrane . The 
val id i ty of assumpt ion ( 1 )  has been d i scuss ed in some deta i l  
b y  Waddell and Bates  ( 196 9 )  and t h e  cons iderations involved 
will  not be repeated in detail  here . As sumpt ion (2) i s  
sat i s f i ed s ince 1 . 0  mM nicot ine at s teady-state had n o  effect 
on the measured pHi ( tabl e 3 ) . Waddell and Bates  ( 1969 ) have 
sugges ted that a s ignificant permeabil ity of the membrane 
to the  ionized spec i e s  of weak acids  or bases  requires that 
s teady-state will only be obtained when pHi = pHe . As shown 
by table 3 this  was not found to be the case . 
The theoret i cal  ( liE ) values g iven in tables  5 and 6 
were in all cases  substant ially less  than the experimental 
value s . As be fore , a poss ible explanation is the occurrence 
of  act ive transport . In act ive transport processes , com­
pound s ( or ions ) are  accumulated on one s ide  of a membrane 
by a saturable carrier with  the expenditure of metabo l i c  
energy ( Stein , 1967 ) . However ,  the  uptake was found to  be 
ne ither saturable  nor energy dependent , s ince the addi t ion 
o f  1 . 0  mM nicot ine ( a  one -hundred fold exces s )  or 10 - 5M CN­
had no effect on the st eady-state nicot ine space . 
Therefore , the uptake appears to occur by the pas s ive 
di ffusion of  un- ion i zed nicot ine acro s s  the cell  membrane . 
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However , at equil ibrium the experimental ( liE ) values suggest  
that the  intracellular dru� i s  in  eq u i l ibrium wi th  some 
other compartment . This compartment i s  q uant itat ively e s t i -
mated as  t h e  d i fference s  i n  t h e  theoret ical and experimental 
( liE)  values and is repre sented in table s  5 and 6 as  the 
" Exce s s  Fract ion . "  I f  th i s  compartment repre sents a bind ing 
phenomenon , then the data indicate that i t s  format ion i s  
e i ther  favored by alkal ine cond it ions o r  arises  from a 
pre ferential binding for the un- ion ized mo i ety . Cons idering 
the  latter pos s ibi l i ty , the eq uilibrium involved could be 
repre s ented most s imply by : 
N + B - NB 
( N )  ( B )  
Kb = ""'\N"B) 
( 16 )  
( 17 ) 
wh ere N = free , un- ioni zed nicot ine , B = binding s ite , NB = 
bound nicot ine , and Kb = dissociation constant for the bound 
drug . 
Equation ( 1 7) predicts  that the rat i o  (N ) /(SB )  will  be 
constant i f  ( B )  or Kb i s  large . For each incubat ion procedure 
the un- ionized intracellular drug concentrat ion was calculated 
wi th eq uat ion ( 14 ) . On inspect ion the tabulated values in 
tables  5 and 6 for the "Exc e s s  Fract i on "  appear to  correlate 
well with the  values for ( N ) ( R2 = . 95 ,  P < . 01 ) .  The 
ratio  ( N ) / { NB ) , however , increases  with increas ing pH . Thi s  
s uggests  that there may a l s o  b e  some binding of t h e  ionized 
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sDec i e s  to the same or di fferent s i te s ,  or  that ( B )  and/or 
K
b 
may be d irectly affected by pH . 
It should be real ized that treat ing the  data in such 
a manner does not req uire t hat such bind ing s ites exist . 
An alternat e and q uite  suffi c i ent explanat ion for the exc e s s  
fract ion involves t h e  part it ion ing of  the  un- ionized drug 
into the lipid  fract ion of the cell . If  such were the case , 
t h 8  quant ity K
b
/ ( B )  s imple becomes  a part i t i on coeffic ient 
and ( NB ) represents nicot ine d i ssolved in the l ipid compart­
ment . The latter  poss ibility m ight have been excluded if 
increas ing the nicotine concent ration had decreased the ob-
served space , or if unlabeled n i cot ine had displaced bound 
C14_drug from binding s ites  ( figure 2 4 ) . The fai lure of  
these  phenomena to  occur , however , does not negat e the pos-
s ibi l ity of the ava i labil ity of binding s ites  s ince the 
conc ent rat i on of  binding s it e s  may be very h igh and the  drug 
c0ncentrat ion required to saturat e them or cause s ignificant 
d i splacement from them might be cons iderably h igher than 
1 . 0  mM . Since at  1 . 0  mM nicot ine the respiratory data 
( f igure 5) suggest  that the drug is affect ing metabolic  
c hang e s  in  the cells , i t  i s  felt  that any evidence obtained 
at h igher concentrat ions might be difficult to interpret . 
By comparison ,  sal icylic  ac id was found to  sat isfy both 
the aforement ioned criteria ( i . e .  saturable with h igh con­
c entrat ion and di splaceable by unlabeled drug ) . 
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Yamamoto £1 �. ( 1968 ) demonstrated a temperature 
dependenc e for C14_nicot ine uptake by submaxillary s l ices  
s im i lar to that shown in  table 6 .  The values tor (N )  given 
in table 6 ind i cate that the temperature dependence can be 
explained solely on the bas i s  of the temperature dependence 
of pKa . Since lowering the temperature increased pKa , ( N )  
was decreased substant ially . S ince both the intracellular 
i on ized and bound forms are in s imple equil ibrium with ( N ) , 
the  s ize of these  fract ions was decreased als o .  It  is  again 
of intere st to compare these results with those obtained for 
Cl4_ sal icyliC acid where no dependence of uptake on tem-
perature was demonstrated . Th is  is not surpris ing , s ince 
Albert ( 1952 ) has stated that pKa values for carboxylic  
ac ids vary little  with temperature . 
In order to interpret the effects of  pH on efflux as  
s e en in figures 22  and 23 .  it i s  necessary to determine what 
comoartment s are repres ented by the fast  and slow component s  
of the washout . A s  a rule , the fast component has been 
found to contain a compartment not present in the uptake 
determ inations . Thi s  compartment is bel i eved to arise  from 
an unavo idable (and poorly reproduc ible ) washout of radio -
act ivity from the apparatus used . Because of the nature of 
the apparatus used with the sl ices  of  t i s sue it was not 
pos s ible to quant itat ively remove all superfic ial rad ioact iv ity 
by dipping prior to washout s . Therefore . the extracellular 
-116-
soace  calculated from the  washout curves ( for all  compounds ) 
according to the method pre scribed by Bianchi ( 1962 ) was 
not always in agreement with that determ ined with C14_ inul in .  
As would be expected , the error was always such that the 
space calculated from washout data was larger than the c14_ 
inul in spac e . Evidence that inadequate dipp ing is  probably 
the cause is obtained from analys i s  of a C14_inul in wash­
out curve ( f igure 7 ) . If  the inul in space i s  calculated 
with 71% ( the extrapolated intercept ) of the total radio-
act ivity in the  washout experiment , a space of 0 . 211  � 
0 . 00 8  ml/g (n 4 ) i s  obtained which agree s  w ith the value 
obta ined from C14_ inulin distribut ion .  ( In the uptake 
studies  this was not a problem , s ince the sl ices were re-
moved from the nylon net prior to dipping , blotting and 
we ighing ) . 
Therefore , the s i ze of the t i s sue compartment wa shed 
out by the fast component must be less than or equal to that 
est imated by the intercept of the slow component ( see Bianchi ,  
1962 , for a discussion of such technique s ) . Only the extra-
cellular compartment was found to meet this  criterion , and 
so the fast component may be thought of as the washout of 
the extracellular space ( and apparatus ) while the slow com-
ponent represents the washout of the intracellular drug . 
On first inspect ion , it  m ight appear that the increase 
in the apparent rate constant represents a paradox s inc e at 
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alkal 1ne pH , the un- 1on1zed fract 10n 1ns 1de the cell i s  
a;reatest . Since the slow component represents the washout 
o f  th e total 1ntracellular drug presumably by diffusion o f  
t he  un- 1on1zed mOiety , t h e  rate limit ing step must b e  the 
d i ffusi on of the un- ionized drug across  the cell membrane . 
Non-specific effects of pH on membrane permeability are 
e ffect ively ruled out by the fa ilure of ei ther C14-sal icy l i C  
a c 1d ( f 1gure 1 5 )  o r  C14_urea ( f1gure 16 ) to show pH-dependent 
k 1net ics . Since the slow component appeared as a s ingle 
f1rst-order rate ( nearly perfectly 1 1near ) all preceding 
steps must be 1n equilibrium throughout washout . Thi s  
s 1mplest model predicts that the measured ( or apparent ) rate  
constant ( k  ) w i l l  b e  related t o  t h e  " real " rate constant 
app 
( k )  for the efflux of un- ionized nicot ine in the following 
mann e r : 
k 
app 
k 
= 1 + (�)/Ka + (B) /Kb 
( 18 )  
where H+ i s  intracellular hydrogen 1on ,  Ka 1 s  the acid d i s-
soc 1at 1 on constant for nicotine , and B and Kb are as d.e f ined 
prev1ously . This  model ( see Append 1x for derivat ion )  pre-
d i e t s  t hat k w1ll 1ncreas e  w 1th 1ncreas ing pH , the 
app 
oppos 1te  of the observed e ffect . It 1s therefore postulated 
that the rate-1 1miting step i s  the dissoc iat ion of the drug 
from the membrane at the extracellular interface . Th i s  
could occur by two mechanisms : 
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k 
1 
N ---+ Ne ( 1 9 )  
+ 
k2 + N + H • NH ( 2 0 ) 
e e 
+ 
where NH denotes  the charged con j ugate ac id of nicot ine , 
and the subscript " e "  denot e s  the extrac e llular spec i e s . 
Th i s  model pred i c t s  ( s e e  Append ix for der ivat ion ) : 
kl + k2
( H+ ) e  ( 2 1 )  kapp 1 + ( H+ ) !Ka + ( B ) !Kb 
N o t e  that although the efflux mechan ism now has a 
Dos tulated bimole cular step , the  term ( H+ ) e will rema in 
cons tant and apparent first order k inet i c s  are pred icted . 
Eq ua t i on ( 2 1 ) pred icts  the correct dependence of k 
app 
on pH as observed in figure s 2 2  and 2 3  i f  appropriate value s 
are a s s igned to k
l 
and k2 • A plot of (kapp )(l + ( H+ ) !Ka + 
( B ) !Kb) versus ( H+ ) e  y i e ld s  a s ign i f icant regre s s ion 
( p < . 0 1) . A series  of algebra i c  man i pulations will  
reveal t hat the denom inator·. in eq uat i on ( 2 1 ) i s  read i ly 
The s lope 
( k2 ) was e s t imated t o  be 2 . 08  x 107 M - l m in-
l and the y­
intercept ( kl ) was 0 . 82 1  m in-I . Both were s ign if icantly 
d i fferent from z e ro ( p  < . 0 2 5 ) . 
From a k inet ic  s tandpo int , the data also  f i t  a model 
Dostulat ing t hat the membrane i s  permeable t o  both the 
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i oni zed and un- i on i zed spec i e s . Suf f i c e  it t o  say , that such 
a t reatment in unt enable for the fol lowing reasons : ( 1 )  the 
model would require that the membrane be permeable to t h e  
charged spec i e s  o f  n i cot ine (MW = 162 . 2 ) when it  i s  comp l e t e ly 
· imtlermeable to mannitol ( MW = 1 82 . 2 ) ( figure 6 ) ; ( 2 )  n i c o­
t ine  does  not e levate pH ( i ) ( table 3 )  whe reas Waddell and 
Bat e s  ( 1969 ) have argued that t h i s  would occur if the membrane 
were permeable to both forms of the drug ; and ( 3 ) the e s t i ­
mated rate constant s would be : un- i on i zed , 0 . 64 m in- l ; 
-1  i on i z ed , 0 . 44 m in • Even i f  the membrane were permeable 
to  both forms o f  the drug , the s e l e c t iv i ty for the un- i on i zed 
form whould be greater than that pred icted here . Whereas 
the latter mechan i sm cannot be conc lus ive ly d i sm i s s ed , i t  i s  
f e l t  t hat t h e  former mode l ( equat i on 2 1 ) i s  more acceptable 
on the bas i s  of  the obj e c t i ons l i s t ed above . 
A further consequence of the proposed mechanism i s  
that t h e  intracellular and e xtrac e l lular concent rat i ons o f  
un- ion i zed nicot ine will  no longe r  neces sar i ly b e  the same 
at st eady-stat e . If i t  i s  as sumed that nicot ine may a l s o  
e n t e r  the cell b y  mechan i sm s  g iven in equat i ons ( 19 ) and ( 20 ), 
then the steady- s tat e rat io of un- ion i zed drug ( lns lde!out-
s i de ) will be g iven by : 
W;l =:=l+/t�Hal'e ( 22 ) 
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I f  t h e  a s s umot i on i s  made that kl = k_l and k2 = k _2 ' then 
from the values calculated for kl and k2 , the  rat io w i l l  
be eq ual to aopro x 1mately 1 . 1 ,  and t h e  the oret ical ( liE ) 
va l u e s  given in tabl e s  5 and 6 should be ad justed accord ingly . 
Such an ad justment , however ,  i s  within the experimental 
e rror o f  these obs e rvat ions , and will not change the cor-
relat i on obta ined with eq ua t i on ( 2 1 ) . 
K ine t i c s  s im i lar to those  s e en in f igure s 22 and 2 3  
were obtained by We i s s  ( 196 8a ) fo r the e f f lux o f  C14_nicot ine 
fro� frog sartorius muscle ; that i s ,  e f f lux experiment s  
carried out a t  pH 8 . 4 y i e lded l ower apparent rate c on s tants 
than at pH 7 . 4 ,  and rai s ing or l ower ing pHe after e fflux wa s 
und e r  way brought about a decrease or increas e  in the appar­
ent rat e  cons tant re spect ively , We i s s  ( 196 8a ) expla ined the s e  
oh enomena by a s s um ing they were reflect i on s  o f  the degree 
o f  back flux of un- ion i zed nicotine into the t i s sue dur ing 
wa s hout . Figure 2 1 demonstrates  that in the s e  experim ent s 
pas s ive backflux cannot be occurring to any ext ent suf f i c ient 
t o  account for t h e  chang e s  obs e rved .  Although We i s s  ( 19 6 8a ) 
d i d  not perform e xperiment s to determ ine the degree of pa s-
s iv e  ba ckflux , nonethe l e s s ,  only about 10% of the drug wa s 
removed in each washout int e rval and d i luted by a 2 . 0 ml 
wa shout re s e rvo i r .  S ince the apparent rat e  constants 
aopeared approximately to double when pHe was changed from 
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8 . 4 to 7 . 4 and to be reduc ed by approximately one half when 
pHe was changed from 7 . 4 to 8 . 4 , it  s e ems l ikely that a 
mechan i sm s im 1 1ar t o  th e one pos tulated here might prov ide 
a more tenabl e explana t i on for the s e  data . S ince the c hang e s  
s e en b y  W e i s s  ( 1 96 8a ) were greater than tho s e  obs erved here , 
i t  may be that t h e  step des cribed by eq uat i on ( 19 ) contri ­
but e s  to the e fflux rat e  to a l e s s er degree in frog sartorius 
mus c l e  than in the submaxillary gland t i s sue employed in 
th i s  study . It s hould also be ment ioned that W e i s s  ( 1 96 8a ) 
d i d  not determ ine the e ffect of pH on membrane permeab i l ity 
to  neutral molecules ,  and non- spec i f i c  mechan i sms cannot be  
ru led out . 
We i s s  ( 196 8a ) also found t hat n i cot ine s ign i f i cant ly 
ra i s ed the intrac ellula r  pH in frog sartorius muscle . As 
previously ment ioned , Waddell and Bat e s  ( 1 96 9 ) have stat ed 
t hat pe rmeabi l i ty o f  the membrane t o  the i on i zed form o f  a 
drug would bring about an increas e in pHi , and such a 
p o s s ibil ity should be cons idered in interpret ing We i s s ' s  
( 1 9 6 8a ) data . Other inve st igat i ons have s�own that proca1ne 
and l idocaine ra i s e  pHi in muscle t i s sue ( Bianch i  and Bolton , 
1967 : W e i s s , 1 9 6 8b )  and any as sumpt 1 0n s  made 1n the se re­
Dorts that only the un- i on i zed drug d i ffuse s  acro s s  the  cell 
membrane must be regarded a s  potent ially inva l i d . 
Figure ) 3  summari z e s  the intracellular equ i l ibria and 
e fflux mechan i sms postulat ed to govern the d i stribut i on o f 
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Figure :33 . Summary of factors influenc i11f.;' the distribut i on 
of C14_nicot ine in 'the rat submaxHlary gland in vi tro . . . 
S e e  text for explanat 1Qn . 
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C14_nicot ine in the submaxillary gland . The var10us steps  
involved mus t be  taken as pr1mary mechan 1 sms , and o f  course 
repre sent average s  from several d 1 fferent cell types in 
s ubmax1 l1ary t i s sue ( at least three ductal and two ac 1nar ) . 
Effects o f  P110carpine on Physiological Paramet ers , 
Extrace llular Space.  and Cell pH . 
Be fore inves t 1gat ing the effects of the secretagogue 
p 1 1ocarp 1ne on drug movements 1n the submaxi llary �land 
preparat1on ,  1t appeared of value to determ 1ne the effects 
o f  the drug on the s i ze s  of  the extracellular and intra­
c e llular water compartments , cell cat ions and cell pH . 
Schneyer and Schneyer ( 196 3 ) have report ed effect s o f  
p 1 locarpine o n  water and cat i on content o f  submax1l1ary 
gland c e lls under certain cond i t 1ons , and th ere are s everal 
documented 1nstance s  ( previously ment ioned ) where drugs 
have affected cell pH . 
Schneyer and Schneyer ( 1 96 3 ,  1964 ) have stud i ed t h e  
effects  of p i locarp ine o n  t is sue water and cat 1 0n fluxe s 
but their experimental protocol was s omewhat different than 
that employed here , and was spec i f i cally des 1gned to accen-
tuat e net fluxe s ,  where we have attempt ed t o  ach1eve c on-
d 1 t 1ons where net water and cat ion fluxes are at a minimum . 
Schneyer and Schneyer ( 1962 ) found that under anae robi c  
1ncubat i on cond it ions , rat submaxillary g land s l ices l o s t  
about t hree t imes as much K+ and ga ined about t w i c e  a s  much 
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Na+ a s  under aerobic cond i t ions . Furthermore , uptake o f  
wat e r  wa s d i m i n i s h e d  by anaerobios i s  relat ive to aerob i o s i s . 
The  re instat ement of an 02 atmosphere caused the s l i c e s  to  
rea c c umulat e K+ and H20 and to extrude Na
+ . It was during 
t h i s  p e r i od ( de s ignated 02 after N2 ) that the Schneyers 
( 19 6 3 ) found cat i on and water movements most s ens i t ive to 
n i l o carpine . When p i locarp ine ( 1 . 2  x 10 - 5M )  was included 
in t h e  incubat i on medium during 02 after N2 , K
+ and H20 
a c c umulat ion and Na+ extrus ion were inh ibited . There was 
no e ffe c t of p i locarp ine on the inulin space under t h e s e  
c ond i t i ons . 
Table 7 shows that , under the experimental cond i t i ons 
employed in th i s  study , pilocarp ine was without e ffect on 
t h e  re lat ive water content o f  the s l i c e s . There was a 
d i fference s e en , howeve r ,  betwe en the water cont ent o f  s l i c e s  
a t  p H e  = 6 . 80 and at t h e  other two values o f  pHe . It i s  
doubt ful , however , that such a d i f f e renc e  i s  o f  phY S i o logical 
s ign i f i canc e as far a s  drug movement s are concerned , s ince 
the d i f f e renc e repre s ents only about 5% of the values at 
nHe = 7 . 40 and 8 . 0 0 and did not appear to affect the d i s t ri ­
but i o n  of C14_urea . Of cours e ,  the C 14_urea space s  were 
s l ightly l e s s  t han the total water spac e s , and pH dependence 
o f  th e total water content m ight repres ent difference s  in a 
c om partment inac c e s s ible to C14_urea . In any event , the 
corre c t i on factor for ( liE ) value s at pHe 
us ing the value at 7 . 40 would be only 1 . 0 8 .  
6 . 80 calculated 
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N o  d i f feren c e s  were s e en among control value s o f  the 
extracel lular space at all thre e pR value s ( table 8 ) . The s e  
value s were s omewhat lower than tho s e  obtained earl i e r ,  but 
t h e  variab i l ity of the determ inat i ons a l s o  s e emed h igh e r . 
The pooled mean for all determinat ions a t  pRe = 7 . 40 wa s 
0 . 200  � 0 � 0 0 8  wh ich was s imi lar to the earl ier determ ina­
t ion .  There were no effects attribut ed t o  p i locarp ine on 
the  extrace llular space except at pRe 8 . 00 .  Thus , caut i on 
must be exerc i sed in interpre t ing the e ffects of p i locarpine 
on the d i s t ribution o f  other compounds ,  s ince at pRe = 8 . 00 ,  
some of the e ffect s may be attributed t o  a shift of wa ter 
from the intracellular to the e xt race l lular space . 
In t h i s  prepara t i on ,  p i locarpine appeared to bring 
+ + about a net accumulat i on of Na and l o s s  of K at h igher 
c oncent rat ions only ( table s  9 and 10 ) . Part of the  e ffec t s  
s e en a t  pRe = 8 . 00 m ight b e  att ributed t o  the obs erved 
changes in extracel lular wate r ,  s ince the changes in t i s sue 
Na+ and K+ are in the appropriate direc t i on .  More spec if­
i cally , s ince Na+ ins ide the cells is less than out s ide , a 
s h i ft of wat er from the int ra- to the extracellular com-
partments W)uld tend t o  increas e  the total t i s sue concen­
t ra t i on .  The inverse argument would apply for K+ . It  s hould 
be no ted,  however , t hat p i lo carp ine affected the t i s sue cat ion 
concentrat ion at all pR value s (not S igni ficant for K+ at 
14 
pRe = 7 . 40 )  whereas C - inulin d i s tribut ion was not s ign i f-
i cant ly affected at pRe = 7 . 40 and 6 . 80 . 
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Hydrogen ion gradi ents were also s igni f i cantly de­
c re a s e d  at pRe = 7 . 40 and 8 . 00 ,  but not at  6 . 80 ( table 11 ) . 
14 S inc e  at pRe = 8 . 00 ,  the conc entrat ion o f  C -DMO was 
P'reater in the extracellular water than in the intra-
c e l lular water , t he e ffect s seen at t h i s  value of  pRe m ight 
have been due to  the relative increase in the extrac ellular 
c ompartment . 
S inc e the net flux o f  a l l  three o f  the cat ions  ( Na+ , 
+ 
K , and R+ ) occurred in the direc t i on pred i c t ed by the i r  
respect 1ve conc ent rat ion grad ient s , i t  doe s n o t  appear as 
t h ough the  effect s  of nilocarp ine can be attributed to 
c hanges  in the membrane pot ent ial . More spec i f i cally , the 
ob j ect i ons to th i s  hypothe s i s  are a s  follows : ( 1 ) a de­
pola. r i z 1ng effect of p i locarpine would predi c t  a loss  o f  K +  
a nd R+ , but would al so pred ict a l o s s  of  Na
+ 
i f  leak and 
p ump fluxes were not affe c t e d ;  ( 2 )  in the cat , Lundberg 
( 1947 ) has demonstrated a hyperpolar i z ing e f fect of para­
sympathet i c  s t imulation ;  and ( 3 ) Schneyer and Schneyer 
( 19 6 5a ) found no effect due to p i locarpine on  the potent ials  
o f  submaxillary gland c e l l s  in the rat . 
Effe c t s  of Pilocarpine on Transport of  Sal i cyl i c  Acid 
and N i cot ine . 
The s t eady-state C14_ sal i cyl i c  a c i d  space was s 1gn 1f-
1 cantly 1ncreas e d  by  p 1 1ocarp1ne at pHe  = 7 . 40 and 6 . 80 
( tabl e 12 ) .  The effect does not appear t o  involve c hanges  
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in membrane permeabil ity to  the salicylate  anion , s ince  the 
e f f lux o f  C14_salicylic  acid W8. S unaffected by 10- 3M 
p i locarpine ( f igure 2 9 ) . It  seems  more probable that 
p i l ocarp ine might increase the bind ing of  Cl4_sal iCyl iC  
acid  to  e ither t h e  saturable or pH-dependent s ite , or perhaps 
to both . The data in table 4 d i s courage an hypothe s i s  in-
volving a s econdary e ffect due to  changes in cell pH , s ince  
a de crea se i n  bind ing due  to  t h e  alkal in i z ing effect of  
p i locarp ine is  predi cted . 
The Cl4_nicot ine space in submaxillary gland s l i c e s  
wa s substantially decreased ( ca .  40% ) by pi locarp ine at  
pHe 7 . 40 and 6 . 80 ( table 1 3 ) . Part o f  the effect s een at 
oHe B . O O might be due to the effects o f  p i locarp ine on 
the e xtracellular space . but the e f fect s e en i s too great 
t o  be attributed to  shifts  in water spac e s  only . Unl ike 
salicylic  ac id , n icot ine e fflux i s  s ign i f i cantly accelerated 
by 10 - 3M p i locarpine at pHe = 7 . 40 ( figure 30 ) . Non-spe c if ic  
e f f e c t s  are ruled out  s ince thi s  concentrat i on of p i locarp ine 
d id not affect the permeabil ity of the cell membrane t o  
sal icylic  a c i d  ( f igure 2 9 ) or urea ( figure 2 8 ) . A rapid 
i n c rea s e  in cell pH m ight increase un- ion i zed nicot ine in 
the c e l l  and thus accelerate e fflux . Pilocarp ine ( 10- 3M ) . 
however , was wi thout s ign i f i cant effect on the e fflux o f  
CI4_DHO as shown i n  f igure 27 . 
Curi ous ly , t h i s  effect wa s not seen at pHe = 8 . 00 
( f i�ure 31 ) , or after prolonged incubat ion in pi locarp ine 
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( f igure 32 ) .  S im i la r effects  of p i locarpine on the  e fflux 
o f  K+ have been repo rted by Schney e r and S c hneyer ( 1964 ) .  
They found that K42 e fflux from s ubmax i l lary gland s l i c e s  
_ t:: 
wa s increa s ed by 1 . 2  x 10 �M p i l o ca rp i n e , but the rat e  o f  
e f f l ux had re turned to normal after about 1 5  m inut e s .  'rh i s  
e f fe c t  was b l o cked b y  atrop ine , and two p r e l iminary e xoe r i ­
m e n t s  ( not shown ) by t h e  author have demon s trated that 
n i l ocarp i n e  does not e ffect  C14_n icot ine e f flux when in 
the pre s enc e of an eq u imo la r quant i ty o f  atropine . 
Thus , although a po s s i ble relat i onsh i p  between the 
42 14 e f fects  o f  p i lo caro ine on K e fflux and on C -nicot ine 
e f f l ux i s  sugge st ed , any further specula t i on seems un-
warranted here . The following po int doe s  s e em re levant , 
h oweve r ,  The decreas e  in C14_n i cot ine uptake seen in 
table 1 3  cannot be due to the increas e in e fflux as s e en in 
f i gure 30 for the fol lowing rea sons . ( 1 )  The effect appears 
to be a tran s i t o ry one , s in c e  incubat i on in p i locarp ine 
d u r i n� untake and e f flux did not affect the rate  of  e fflux . 
( 2 )  S i m i lar effects  on e fflux are not seen when the e xtra -
c e l l ular pH i s  ra i s e d  to 8 . 00 ,  whereas p i locarpine i s  eq ual ly 
e f f e c t ive in decreas ing the C14_n i co t ine space at both value s 
o f  pHe ( 7 . 40 and 8 . 00 ) . ( 3 ) Finally , whereas the increas e  
in C14_ni c ot in e e fflux i s  blocked by at rop ine in a fa s h i on 
s im i lar to t hat s e en by Schneyer and Schneyer ( 19 64 )  with 
K42 e fflux , atrop ine i s  without effect on the  d im inut i on of 
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t h e  C 1 4 _n i c o t i n e  space by p il ocarp ine ( table 14 ) . 
In t h i s  la st  respect , th e n i cotine space d i f f e r e d  
f r o m  bo t h  c e l l  pH a n d  the sal icylic a c id spac e s ince 
a t r o n ine e ffect ively blocked the  effec t s  o f  p i locarp ine on 
the two latter parameters . Furthermore , 10 - 3M pentobarbital 
also  blocked the effects of pi locarp ine on cell pH and on 
14 t h e  C -sal icylic ac id spac e , but did not affect the  de-
1 4  
pre s s ion of the C -nicotine  space . 
It is appropriate at t h i s  time t o  cons ider the j us t i-
f i cat ion of inves t igat ing the effects of pentobarbital on 
c e l l  pH and drug movement s .  W e i s s  ( 196 8b ) has suggested  
t h a t  the weak bas e s  procaine and n i co t in e  affect cell p H  i n  
skeletal muscle by  a s imple acid-base t i t ration type o f  
m e c han i sm . That i s , t h e  weak bas e s  enter the c e l l  as the 
un - i o n i zed free bas e  and subseq uently ionize thus consuming 
intracellular hydrogen ions . Thi s  might wel l  be the cas e  
w i t h  proca ine . sinc e a fa irly h igh ( 3 . 67 mM ) concentrat ion 
w a s  u s e d . However ,  with nicot ine ( W e i s s , 1968a )  this  
hypothe s i s  s e em s  inval id for  two  reason s . First , n i c o t in e  
s ign i f i cant ly elevated cellular pH at a concentration o f  
0 . 0 8 )  MM . Thu s , it would be sugge sted that the addit i on of  
0 . 0 8 3  m M  nicot ine ( a s  t h e  free bas e )  to  a buffer of  s imilar 
capac ity as the int race llular fluid c ould e l evate  t he c e l l  
pH by 0 . 35 units . Th i s  pos sibil i ty , at least t o  the author . 
s e ems unl ik e ly . S e c ondly , at pHe = 7 . 40 .  0 . 0 8 3  mM and 
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2 . 50 ml1 n icot ine bo th e l evated the c e l l  pH to apDroxima t e l y  
t h e  s a m e  extent , but ne ither e l evated c e l l  pH beyond the 
e x t ra c e l lular DH . Th i s  latter obs e rvat i on s t rongly s ugge s t s 
8.n a l t e rna t e mechan i sm whereby weak a c i d s  and bas e s  m ight 
A f f e c t  c e l l  DH ( Wa dd e l l  and Bat e s , 1969 ) . I f  the c e l l  
m embrane were s ign i f i cant ly Dermeable t o  both t h e  i on i z ed 
and un- i on i zed form s  o f  a weak e l e c t rolyt e ,  eq u i l i brium 
would occur only when both form s  are pre s ent in eq ual c on-
c en t rat i on s  ins i d e  and out , and thus only when pH i = pHe . 
In t h e ca s e  of weak bas e s , the two form s  o f  the drug would 
" s hut t l e "  hydrogen ions out of the c e l l  l eading t o  an 
eventual d ecay o f  the pH grad i ent regard l e s s  of the con-
c entra t i on .  Lower c oncentra t i on s  would only req uire a long er 
t im e  t o  a c h i eve s t eady- s tat e ,  and regardle s s  of the c oncen-
t ra t i on s  employed , the maximum value achi eved for the intra-
0 e l l u la r  pH would be that o f  the extra c e l lular pH . 
Thus , i t  was s ugg e sted that i f  p i locarpine affected 
D H i  b y  a mechs.n i sm s im i la r to that sugg e s t e d  b y  '!le i s s  ( 1 9 6 8 b )  
t h en a weak a c i d  ( pentobarbi tal ) with a pKa in t h e  phy s iolog-
i ca l  rang e should decrease c e l l  pH . A mechan i sm s im i lar to  
that p o s t ulated b y  Waddell and Bates ( 196 9 )  m ight be 
t e n tat ively s ugg e s t ed by the dat a  in table 11 s ince the 
e ffect o f  p i locarp ine did not appear to  be dose related at 
DHe '" 7 . 40 from 10-6�1 t o  10-3M and s inc e p i locarpine wa s 
ine ffe ct ive at pHe = 6 . 80 when cell  pH wa s a l ready s l ight ly 
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a lkal ine relat ive t o  the extracellular fluid . Of c ours e , 
an al t e rnat ive exp lanation might be that the respon s e  t o  
n i l ocarpine i s  s imnly pH dependent f o r  o t h e r  rea s on s . 
Pentobarbital d i d  lower the c14_DMO space s ign i f icantly . 
t h e  value s repre senting a drop from pH i = 7 . 3 3 to 7 . 2 1 . 
The mechan i sm prop o s e d  by W e i s s  ( 1 9 6 8 b )  seems most t enable 
h e re s ince the mechan i sm of Wadde l l  and Bat e s  ( 1969 ) would 
pred i c t  an alka l i n i z ing effect  w i th weak ac i d s  and ba s e s . 
Furthermore . the lowering o f  cell pH by pent obarbital was 
n o t  affected by cyan ide ( table 1 5 ) wh ich is in keep ing w i t h  
� e i s s ' s  s imple mode l .  
Pi locarp ine . o n  the other hand . wa s ineffect ive in 
e l evat i ng c e l l  pH i n  the pre s ence of 10- 3M atropine or 1 0 - 5 
cyan i de . I t  would appear . there fore . that t h e mechan i sm 
�y wh ich p i lo carp ine e l evat e s  pHi i s  more c omplex than 
e i ther of the previously ment ioned mode l s . The s eq uenc e 
o f  events  could conce ivably enta i l  the intera c t i on o f  p i l o-
carp ine with muscarin i c  rec eptors wh ich  m ight trigger c e rt a in 
energy req uiring processe s . a by-produc t of wh ich m ight be 
an e l evat ion o f  c e l l  pH . At least two drama t i c  h i s t o log i cal 
c o n s e q uen c e s  ar i s e  in t h e  s e rous cells o f s a l ivary g lands 
a s  a re s ult of  p i locarp ine treatment ( Port e r .  1 9 5 4 ) . Pri or 
t o  t reatment ! a s  much a s  2 0 - 30% o f  cro s s - s e c t ional area o f  
t h e  c e l l  in t h e  e l e c tron m i c rograph i s  occup i ed b y  zymogen 
granules conta in ing precursor amyla s e . Fo llowing the 
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s t imula t i on o f  s e c re t ion b y  p i locarp ine , the  e l e c tron 
m i c rographs  are a lm o s t  totally devo i d of zymogen but f i l l e d  
w i t h  t h e  prev i ous ly spars e  but now promin ent endop la sm i c 
re t i culum ( ER ) . 
Thus , the u l t ra s t ruct ura l  c on s eq uenc e s  of s t imula t i on 
o f  t h e  gland c e l l s  su�ge s t  me tabo l i c  chang e s  a s  we l l . w i t h  
the  in i t iat i on o f  energy req u i r ing synt he s i s  o f  p o s s i bly 
n ew z ym og en s t o re s . 
The data in tabl e s  14 and 15 s ugg e s t  that t h e  inc rea s e 
in sa l i cy lat e uptake i s  a l s o  d ependent on a s im i lar s eq uenc e 
o f  event s . The e f fec t  on s a l i c y l at e , h oweve r ,  do e s not s e em 
t o  invo lve an a l t e rat i on of c e l l  pH s inc e pent obarb i t a l  d i d  
n o t  s ign i ficant ly l ower t h e C14_ sa l i Cyl i C a c i d  space . Even 
s o , t h e  erad i ca t i on by pent obarb i t a l  of t h e  e f f ec t o f  
o i lo carp ine o n  s a l i cylate i s  not surpr i s i ng , s ince , in 
add i t ion to i t s  a c i d i fy ing e f fect , pentobarb i tal could be 
inh ib i t ing ene rgy me t abol i sm . 
One q u i t e  s impl e exp lana t i on for t h e  e l eva t i on o f  
c e l lular sal icy late m ight invo lve t h e  d e p l e t i on o f  zymogen . 
I f  the wat e r  of t h e  zymog en ve s i c l e s  was ina c c e s s ible t o  
s a l i cyla t e , t h en i t s  absenc e would e f fe c t ive ly re sult in a 
larger fract i on o f  t h e  c e l l  water be c om ing ava i lable for 
s a l i cylat e d i s t r i but i on . The e f f e c t s  o f  c yan i d e  and p en t o ­
barbi ta l would still be apparen t , s in c e  amy l a s e  s e cre t i on 
i s  an en e rgy d e p end ent proc e s s  in i t s e l f  ( Babad � a l . ,  1 96 7 ) . 
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In any event . t h e  e f f e c t  o f  p i l o carp i n e  o n  C14_n i c o t in e 
d i s t r i but i on mus t o c cur by s om e  m e chan i sm q u i t e  d i st inc t 
from t h o s e  d i s c us s e d  above . The increa s e  in e f flux o f  c14_ 
n i c o t i n e  s e en in i t i a l ly when p i l o carp ine wa s int roduc e d  i n t o  
t h e  e f f l u x  m e d i a  ( f igure 30 ) d i d  not s e em t o  be respon s i b l e  
f o r  t h e  d e cre a s e d  s t eady- s t a t e  s pa c e  s in c e  t h e  e f fe c t  wa s 
n o t  s e en at pHe = 8 . 00 , wa s blocked by atropine , and wa s n o t  
e f f e c t ive following l ong e r  t reatment s .  Furt h e rmore , a 
c h o l i n e rg i c  m e c han i sm i s  unt e nable s i n c e  t h e  e f fect on s t eady-
state leve l s  wa s not bloc k e d  by atrop ine . Comp e t i t ion f o r  
b i nd ing s i t e s  m ight be cons idered a p o s s i b i l ity , but p i l o -
caro i n e  would have t o  b e  a s s i gned a h igher a f f i n i t y  t han 
n i c o t i n e  for t h e s e  s it e s , s in c e  10-3M n i c o t i n e  fa i l ed t o  
s a t urat e  t h e  bind ing . Such a m e chan i sm would not be a f f e c t e d  
b y  at rop ine , i f  t h e  s i t e  were s p e c i f i c  enough t o  e xc l ud e  t h e  
b i nd ing o f  t h i s  alkalo i d . A reas onab l e  argum ent aga i n s t  
s u c h  a sugg e s t i on may b e  ra i s ed regard ing t h e  fa i l ure o f  
14 p i l o c arp ine to s ign i f i cant ly lower t h e  C -n i c o t ine s p a c e  
i n  t h e  pre s e n c e  o f  10-5M cyan i d e . Howeve r ,  i t  should b e  
p o i n t e d  o u t  t hat t h e r e  are a l s o  no s t a t i s t i c a l  d i f f e renc e s  
betwe en the value i n  t h e  pre sence of  p i locarp ine and cyan ide 
and t h e  val u e s  in t h e  pre s e nc e s  o f  p i l ocarp ine , p i loc arp ine 
and atrop i n e , o r  p i l o carp ine and pent obarb i t a l . Thus t h e  
d a t a  w i t h  cyan i d e  in t h i s  c a s e  n e i th e r  support s nor d en i e s  
and s ugg e s t e d  m e c h an i sm .  
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V i s ta s . 
The t rue t e s t  o f  hypoth e s e s obta ined from in � 
p r e p a ra t i on s  i s  t h e i r  abi l i ty to predi c t  th e  resul t s  o f  
in  v ivo experiment s .  In � experiment s are be ing performed , 
and to dat e , the fol lowing relevant obs e rvat ion s have been 
made : ( 1 )  the in � sal icylic acid space in the rat 
submaxi llary gland i s  s ign i f i cant ly decreased when the dos e  
o f  sa l i cyl ic  ac id i s  ra ised from 1 . 0  t o  50 . 0  mg/kg ; ( 2 )  
c e l l  pH i s  s igni f icantly e l evated 1n v ivo i n  the gland 
f o l l ow ing the adm in i s trat ion of 10 mg/kg p i locarp ine ; and 
( 3 ) the nicot ine space is s igni f i cant ly decreas ed by t h e  
adm i n i s trat ion o f  10 mg/kg p i locarp in e . Thus , i t  appears 
that the 1n � submaxillary gland s l i c e  preparat ion may 
q u i t e  adequate ly serve as  a model for the pred iction of the  
outcome of future e xperiments in v ivo . O f  cours e ,  the 
p a ram e t e r  that cannot be pred i c t ed by in vitro data i s  the 
me chan i sm of  net  flux from blood to sal iva . Invest iga t ions 
a r e  und e r way at th i s  t ime to determine the re levance of the 
m e c han i sms and e f fe c t s  seen � � in determining t h e  l evel  
o f  drugs in  the  sal iva . 
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SUMMARY 
The m e chan i sms by wh ich both sal i c y l i c  a c i d  and 
n i c o t in e  c ro s s  c e l l  m embrane s in the  rat submax i l lary g land 
in v i tro invo lv e s imple d i ffus i on . In t h e  case  o f  sal i -
c y l i c  ac id . the n egat ively charg ed sal i cylate an i on appea rs 
t o  d i ffus e  t hrough pores in t h e  c e l l  m embran e . T h e  intra ­
c e l lular concentrat i on i s  probably determ ined by t h e  m embran e 
po t en t i a l  as w e l l  as intracellular b ind ing to pe rhap s two 
s i t e s . One s i t e  appears to be superf ic ial and pH dep ende nt 
wh i l e  t h e  other s it e  i s  saturable and rap idly s e l f - e xchang ing . 
Th e d i ffus i on o f  n icot ine into and out o f  the s ubmax i l la ry 
g l and c e l l s  is re s t r i cted to the  un- i on i zed spec i e s , a lthough 
ioni zat i on at membrane interfac e s  may acce lerat e the rate  
o f  relea s e . The  intracel lular con c e n t ra t i on of n i cot ine is  
g o v e rn e d  by the extra- and intrace l lula r pH value s in  acc ord­
an c e  with t h e  pH-part i t ion hypothe s i s .  The apparent uptake 
is a l s o  inc rea s ed due t o  b ind ing and/or part i t i on ing in c e l l  
l i n i d s . T h e  bind ing i s  favored by a l ka l i n e  cond i t i on s  
s ug� e s t ing that i t  i s  t h 0  un- ion i zed form o f  t h e  d rug t ha t  
i s  o r e f erent i a l ly bound . 
Pi locarp ine incre a s e s  c e l l  pH in the submax i llary g land 
s l i c e s  and incre a s e s  t h e  sa l i cy l i c acid  spac e . Both appear 
t o  r e s u lt from m e tabo l i c  chang e s due to the  int eract i on of 
p i l o c a rp in e  with muscarin i c  receptors , alt hough the c hang e 
in c e l l  pH do e s not appear to be n e c e s sary for th e  increa s e  
in sa l i cylat e uptake . P i l o carp ine de crea s e s the uDtake o f  
- 1 3 6 -
n i c o t ine i n  t h e  c e l l s  and inc reas e s  e f flux , a l t hou�h t h e  
e f f e c t s  do not s e em to b e  relat e d . COID oe t i t i on wi th 
n i c o t i n e  for b i nd ing s i t e s  i s  s ugi>; e s ted but not e s t a b l i s h e d . 
- 1 3 7 -
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APPEN DIX 
Der ivat i on o f  the Eff lux Mod e l s  [ Eq uat i on s  ( 1 8 )  and ( 2 1 )  
i n  t h e  DISC USS ION S e c t ion] 
Le t :  
N 
N e  
+ N H  
+ 
NH e 
B 
N B  
intra c e l lular un- ionized  n i c o t ine , 
extra c e l lular un- i on i ze d  n i c o t ine , 
intra c e l lular i on i z ed n i c o t ine , 
extra c e l lular i on i zed  n i c o t ine , 
n i c o t ine " d i s s o lved " in the c e l l  membrane , 
intra c e llular hydrogen ion , 
extrac e l lular hydrogen i on , 
intra c e l lular b ind ing s i te , 
intra c e l lular bound n i c o t ine , 
K d i s s o c iat i on c onstant , 
k rat e  c on s tant , 
'.{ ap-:),o.rent or measured rat e  c on s tant , 
a O t) 
( )  concentra t i on ,  
" s uperscript 0 "  
" s ubscript T "  
t t ime , 
� eq u i l ibria , 
at zero t ime , 
total 
� un id i re c t i onal s t e p s . 
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T h e  s imp l e s t  model e nta i l s : 
* 
( a )  B inding ( or part i t i on ing ) ; 
N + B � N B  ( 1 )  , 
w i t h ; 
( N ) ( B )  ( 2 )  , Kb (NB) 
( b )  I on i zat ion ; 
+ + N + H ....... NH ( :3 )  • 
w i t h ; 
( N )  ( H+ ) 
Ka ( NH+ ) 
( 4 ) , 
( c )  Efflux ; 
k 
N - Ne ( 5 )  , 
* 
The bind ing step  c ould j u s t  a s  adeq uat ely be repre sented 
a s  part i t i on ing : 
N _ N  
L 
K = �  
p (NL )  
( 2a ) 
where : 
N n i co t ine d i s so lved in l i p i d  compartment s ,  
L 
K part i t ion c o e ff i c i ent . p 
In subseq uent s t e p s  o f  the derivat ion , l /Kp would be 
s ub s t itut ed for ( B ) /Kb . 
-160-
The  rate equat ion will  be : 
or 
Sinc e : 
then ; 
d ( (N ) + (NH+ )  + ( NB )  1 
dt 
-k ( N ) 
a..J1ll 
dt 
-k ( N ) 
1 + ( H+ ) /Ka + ( B ) /Kb 
� constant ( at constant pH )  
TNTT 
-kt 
1 + ( H+ ) /Ka + ( B ) /Kb 
wh ich pred i c t s  I 
k k 
app + 1 + ( H ) /Ka + ( B ) /Kb 
Since  eq uat ion ( 10 )  pred i c t s  an increase in k with 
app 
( 6 )  , 
( 8 )  , 
( 10 )  . 
increas ing pH , th i s  mechan i sm alone  does  not suffice  t o  explain 
the  data obta ined . It i s  therefore pos tulated that the intra-
c e llular druo; i s  in eq u i l ibrium wi th the  c e l l  membrane : 
w i t h ; 
N � N 
m 
K = � 
m TNiiiT 
( ll ) , 
( 12 )  • 
The rat e  l im i t ing s t ep for e fflux i s  the  d i s soc iat ion of t h e  
drug from t h e  membrane at t h e  extrac e l lular interface and the 
- 1 6 1-
d i s s oc ia t i on may be fac i l itated by c o l l i s i on with an 
extrac e l l ular proton : 
k '  
Nm --L..... N e  
S i n c e  K m  i s  n o t  known , but a s s umed c on s t ant , l e t : 
k '  
and t h e  
k = 
1 
1 
Km 
k '  
2 
Km 
rat e  eq uat i on w i l l  be ; 
( 1 3 ) , 
( 14 ) , 
( 1 5 ) , 
( 16 )  , 
d ( ( N )  + ( NH+ ) + ( NB )  J 
d t  
= -kl ( N )  
+ 
-k2 ( N ) ( H  ) e 
= [ k + 1 
and as in eq uat ion ( 9 )  ; 
In [� J 
[
kl + k2 ( H
+ ) e  
( NT )
O 1 + ( H+ ) /Ka + 
pred i c t ing ; 
k 
app 1 + ( H+ ) /Ka + ( B ) /Kb 
k ( H+ ) e ] ( N )  2 ( 17 ) , 
( B ) /KJ 
t ( 1 8 ) , 
( 1 9 )  • 
Eq ua t i on ( 19 )  pred i c t s  t h e  c orrect dependenc e of the  e f f lux 
rat e cons tant on pH if kl and 
value s . A plot o f  k [ 1  + app 
k2 are a s s igned appropri a t e  
( H+ ) /Ka + ( B ) /KB J 
( where ( B ) /KB = ( NB) / ( N ) ) versus ( H+ ) e  should g ive a 
s t ra ight l ine wi th a s l ope of k2 and y- int ercept o f  kl , 
